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Abstract 
This thesis is concerned with the characterisation and modification of a group of 
pyrrole based conducting polymers. The monomers were fabricated, and upon 
electrochemical growth, the electronically conducting polymers were characterised using 
a number of techniques in order to study the chemical and physical structure of the 
polymer films. Subsequently, a method of surface modification (derivatisation) was 
developed, optimised and characterised. 
To optimise the characteristion and derivatisation methods before application to 
this group of polymers, a study of UV photo-induced grafting was. undertaken upon a 
well-defmed system. The photografting of acetic acid and a maleic anhydride / styrene 
co-polymer to a poly( ethylene) surface and the subsequent derivatisation of the surface 
polymer chains was successfully optimised and characterised for each system. 
The derivatisation reaction was shown to be fully optimised at the surface of the 
conducting polymer· films when a film of poly(pentafluorophenyl 3-(pyrrole-l-
yl)propanoate) was hydrolysed to poly(3-(pyrrol-l-yl) propanoic acid), pre-treated with 
an acid wash and reacted at 50°C. Application of the Tougaard technique for the study of 
X-Ray photoelectron spectroscopy spectrum backgrounds showed the majority of the 
fluorine found in a film of a poly(pentafluorophenyl 3-(pyrrole-l-yl)propanoate) film that 
had been hydrolysed to 3-(pyrrol-l-yl) propanoic acid and then subjected to the 
derivatisation reaction to be at the surface, and showed a clear defmition between thick 
and thin films. Neutron reflectivity experiments showed the derivatisation reaction to be 
largely surface specific, and the use of solvents with differing scattering length densities 
showed the volume fraction throughout the thickness ofthe studied films. 
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The hydrophobicity / hydrophilicity of the films was studied using contact angle 
measurement, Atomic force microscopy and neutron reflectivity. The combination of 
these techniques showed the poly(3-(Pyrrol-l-yl) propanoic acid) to be extremely 
hydrophilic, whilst the fluorinated poly(pentafluorophenyl 3-(pyrrole-l-yl)propanoate) 
film to be relatively hydrophobic. Surface modifications that increased film roughness 
were shown to exaggerate this behaviour. 
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Keywords 
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Chapter 1 - Introduction 
1.1 Historical Context 
Before the 1920's, it was widely doubted that molecules with molecular weights 
of greater than a few thousand existed. Staudinger, a German chemist who conducted 
research into substances such as rubber and cellulose, was the first to propose that such 
substances were macromolecules, large molecules comprising of perhaps greater than 
10,000 repeat units. He later devised the polymeric structure of rubber, based upon a 
repeating isoprene unit. This work] led him to win the Nobel Prize for Chemistry in 1953. 
Recognition that polymer based macromolecules are the building blocks of many 
important natural materials was followed by the creation of synthetic analogs exhibiting a 
variety of properties. Applications of these synthetically produced polymeric substances 
have greatly improved many facets of modem life, and now form a multi-billion pound, 
world wide industry. 
Polymers are large molecules made up of small, simple, chemical units (usually 
equivalent to the monomer). The repetition can be linear, branched or interconnected. The 
length of the chain is specified by the number of repeat units in the chain, known as the 
degree of polymerisation (DP). The product of the molecular weight of the repeat units 
and the DP gives the molecular weight of the polymer. The majority of polymers used for 
plastics, rubbers or fibres have molecular weights that range between 10,000 and 
1,000,000. Polymers are attractive substances for research and industrial applications for 
many reasons. These include structure, intrinsic electrical conductivity, and low cost. 
Polymers that exhibit electrical conductivity are known as Electroactive Polymers. 
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1.2 Electroactive Polymers 
Relatively recently, electroactive polymers have attracted much interest, as it has 
become increasingly clear that along with their interesting theoretical properties, these 
materials are highly useful as (for example) electrical components2-4, biosensorss-7 and 
light emitting devices8. The patteming of electroactive polymers on insulating surfaces, 
for instance, is at the forefront of scientific research, as areas of differing conductivity 
upon a surface are increasingly required for uses in microelectronics, such as electrostatic 
discharge protection9, corrosion protection of metals10-12, metalisation13, wiring14 and in 
devices such as diodes and transistors15,16. One such group of electroactive polymers that 
have been researched for this purpose is pyrrole based polymers. Pyrrole and similar 
structures such as thiophene are good models for polymeric studies because they are 
easily manipulated chemically to incorporate various motifs in the polymer chain 17. 
Polymers based on these model structures are easily grown, present a low risk to work 
with, and have good bulk stability. 
Research that lead to the discovery of electroactive polymers began in the ~960's 
when Pohl, Katon and others first synthesised and characterised semi-conducting 
polymers18-20 and conjugated polymers21. Subsequently, the first polymer to be found to 
have electronically conducting properties, poly(sulphur nitride), (SN)x was discovered in 
197622. Since that time, a number of diverse organic conductors have been found, the first 
report of polymers with high electrical conductivity being that of poly(acetylenei3• 
Figure 1.1 shows - trans - poly(acetylene), an example of a conducting polymer. 
2 
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Fig. 1.1 An example of a conducting polymer - trans - poly (acetylene) 
Electroactive polymers can be grouped into three main types; electrically 
conducting polymers, redox polymers, and loaded ionomers. Redox polymers and loaded 
ionomers can be described by the term ionically conducting polymers. 
/onically Conducting Polymers 
Ionically conducting polymers are generally not conjugated, and conduct through 
ion movement. Ionic conduction can be described via a percolation mechanism, in which 
ions 'hop' through a polymer. The sites through which the ions hop possess specific 
probabilities such that the sites are said to be 'allowed' or 'forbidden' to accept migrating 
Ions. 
There are two processes involved in the transportation of an ionic charge across 
the polymer, shown in figure 1.2. 
Electrode Polymer Film Solution 
AXBXAXB 
B A B A 
Fig. 1.2 Charge percolation between electrode surface and solution via a conducting polymer 
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First, there is an injection of charge at the polymer/support electrode interface 
(this process occurs between redox sites loaded approximately 1nm from the electrode 
surface), and subsequently, there is charge percolation via electron self-exchange or 
hopping through the polymer layer. These processes can be concentration-gradient 
driven, and can be quantified in terms of a quasi-diffusional process24, or potential driven, 
and follow Butler-Volmer kinetics, or a combination. The rate of charge transfer is 
usually quantified in terms of a charge transport diffusion coefficient, DCT• These 
processes have been mathematically modeled to a great extent in the literature25, however 
they can be thought of in simple terms by either the anode removing an electron from the 
system (producing a 'hole' in the polymer chain that instigates electrons 'hopping' down 
the chain), or the cathode injecting an electron into the system (such that 'hopping' is 
instigated). 
Ionically conducting polymers are dependant on the number of, and the mobility 
of, charge carriers, and the type and magnitude of charge that the carrier possesses. These 
variables are dependant upon the surrounding environment and as such can be modified. 
There are three sources of ions for charge transport. 
The first is ionised particles normally bound to the polymer backbone, e.g. 
pendant carboxylic or sulphonic acid groups, amines and amide groups. Generally, the 
number and mobility of charge carriers is dependant upon temperature. The second are 
impurities in the system, e.g. catalyst residues, degradation products, or other defects 
intentionally used for the enhancement of conductivity. The third type is water. 
Typically, polymers will adsorb 0.1 - 1% water which either by itself or with ionisable 
groups can enhance observed conductivity. 
4 
Philip E. Pearson Ph.D. Thesis Chapter 1 
As ionic conductivity requires mass transport, it exhibits certain unique features26• 
Ionic mobility is thermally activated and sensitive to pressure as well as the internal 
morphology of the polymer. The microstructure of the polymer (e.g. channels and 
amorphous/crystalline regions) plays a large role in ionic diffusion. For these reasons, 
conduction can be very sensitive to polymer synthesis. 
Electronically Conducting Polymers 
Electronically conducting polymers are conjugated organic materials, and differ 
from redox polymers because the polymer backbone is of itself electronically conducting. 
This conductivity is induced via the introduction of dopants to the polymer matrix via 
chemical or electrochemical means. These materials, in principle, should exhibit higher 
conductivity than redox polymers. Conducting polymers are also described as plastic 
metals or molecular wires. All organic conducting polymer systems consist of a 
conjugated chain backbone. 
The way electronically conducting materials conduct is comparable to the band 
theory that describes conduction in metals. In band theory, atomic orbitals combine 
forming an extended, delocalised energy band. In a metal, the valence (bonding) and 
conduction (anti-bonding) bands overlap, forming a system where the movement of 
electrons is possible. In a semi-conductor, there is a band gap between the bonding and 
anti-bonding bands, and an electron from the full bonding band must be promoted to the 
empty anti-bonding band for conduction to occur. When the necessary thermal energy or 
increased pressure is applied, this band gap is narrowed, and the anti-bonding band 
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populated. Figure 1.3 shows representations of how an electron moves through the band 
gap, Eg ,for conduction to occur. 
Antibonding Orbital 
-----~ 
f 
/ , 
1s --t--'< t / '-t- 1. 
'---li-~ 
Bonding Orbital 
Energy 
Conduction Band 
f 
Eg 
Valence Band 
Fig. 1.3 Band gap theory for electronic conduction in semi-conductors 
A free electron travels through space as a wave characterised by a wave vector k 
(k = 2tr/A where A is the wavelength), whose magnitude is related to the momentum p of 
the electron by the fundamental relation of equation 1.1. 
k=2:rp/h Eqn.l.l 
where h is Plank's constant. 
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Conducting Polymers are similar to semi-conductors, as there is a gap (the 
polymer band gap) between the bonding and anti-bonding bands in the same way. This 
band gap varies in each case, however, generally polymers are intrinsically bad 
conductors due to large band gaps when compared to metals (e.g. gold = OeV, poly 
(pyrrole) = 3eV) or semiconductors. Due to these larger band gaps, a technique called 
doping is used to introduce mobile charges, generally by the addition of an electron to the 
empty LUMO band (n-doping), or removing one from the full HOMO band (p-doping). 
Methods of doping include chemical doping (achieved by exposing polymer to dopant in 
the vapour phase), electrochemical doping (using the polymer as an electrode in an 
organic or aqueous electrolyte), ion implantation (inserting ions into a polymer lattice) 
and photochemical doping. Once doped, electrons in the 1t bonds of the system are able 
to move along the molecule (thus producing current), under the influence of an applied 
electric field. Figure 1.4 shows the resonance structures of poly(thiophene) are shown as 
electrons move between repeat units of the polymer, and also shows the structure of 
polarons. A polaron is formed during oxidative doping when an electron is removed from 
the polymer backbone, producing a radical. This higher energy charged state delocalizes 
and deforms over a number of quinoid rings in the polymer backbone. 
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.. 
Fig. 1.4 The conducting mechanism of an electronically conducting polymer 
1.3 Surface Characterisation and Modification of Polymers 
Chapter 1 
Polymers are successfully applied in a variety of roles, including in the fields of 
adhesion, biomaterials, protective coatings, microelectronics devices and sensors. In 
. general, specific properties of the polymer surface are required for the success of these 
applications. Polymers in general have the advantage that they are easy to process and 
fabricate, have highly desirable bulk physical, special and chemical properties, and are 
relatively inexpensive. Examples of desirable characteristics of the bulk of a polymer 
include thermal and chemical stability, density and tensile strength. However, these 
polymers do not necessarily exhibit surface features desirable for research and industrial 
processes, so the area of academic research into the surface modification of polymers has 
flourished. An array of surface modification techniques have been developed to produce 
polymer surfaces with uniform or patterned areas exhibiting desirable behaviour, such as 
chemical composition (surface chemical motifs or functional groups), hydrophobicity or 
8 
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hydrophilicity27, roughness28, crystallinity29, conductivity3o, and cross-linking density3!. 
This is not an exhastative list, and only touches upon the vast and lucrative area of 
surface modification. 
For example, poly(ethylene) (PE), an extremely simple polymer has been modified in 
many ways to enhance it's properties. Three examples of such modifications in the 
literature are as follows; 
• FlameTreatmenr2 - PE is inexpensive and easy to process, with good mechanical 
properties and good weathering resistance. In the packing industry, flame 
treatment and corona discharge are frequently used to control the surface energy 
of PE, so that it is suitable as a substrate for printing. 
• Photograjtinl3 - In the presence of a photo-initator, PE can be irradiated with 
ultra-violet radiation, and modified via the photopolymerisation of another 
polymer onto the end of the PE chains. This method can be especially useful in 
biological fields, through surface restoration or drug delivery. 
• Oxygen Discarge Plasma34 - Functional groups and gaseous products of the 
reaction of PE with oxygen discharge plasma under low temperature DC 
conditions alters both the PE surface layer and the atmosphere around it. This 
treatment intends to be a route that slows the rate of degradation of a surface. 
These are just three examples of how PE, a polymer desirable for it's low surface 
energy and inertness can have it's inert surface changed to produce useful, modified 
surfaces. 
With all surface modification techniques, it is vital that an in-depth understanding of 
both the physical and chemical properties of the surface and, in some cases bulk 
9 
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properties, of the polymer are understood. The nature and concentration of functional 
groups introduced via surface modification techniques need to be understood, and the 
level of surface modification must be quantified and in many cases, controlled. For 
example, in the printing industry, polymers need to be wettable enough (the surface 
energy has to be low enough) such that ink prints, but not so wettable that it smudges and 
runs. Hence, it follows that polymer surfaces need to be characterised at the molecular 
level. Often, techniques that are used for the characterisation of the bulk of a polymer are 
unsuitable for surfaces. This is because the region of interest may be only the top few nm 
of the polymer. Examples of polymers with vastly different surface and bulk properties 
are common in the literature, for instance the treatment of plasma cast films is often 
surface limited due to bulk morphology and air volume fraction being significantly lower 
than the surface layers35. Surface specific characterisation techniques include atomic 
force microscopy (AFM), scanning tunnelling microscopy (STM), X-Ray photoelectron 
spectroscopy (XPS), scanning electron microscopy (SEM), infra-red spectroscopy (lR) 
. and contact angle measurements. Each technique has a varying sampling depth, but all 
focus on various 'surface' depths rather than the bulk of the sample. The approximate 
sampling depths of each technique are summarised in table 1.1. 
Technique Sampling Depth 
AFM 3-5 ~m 
STM 0.2nm 
XPS 1-10 nm 
SEM Afew~m 
IR 3-5 ~m 
Table 1.1 Sampling depths of various surface characterisation methods 
10 
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The choice of the technique for use is important dependant on the information 
required. Sampling depth, sample quality (i.e. how the sample has to be handled), surface 
information (chemical or physical) sample environment and sample suitability are all 
important. A combination of techniques is often best to collate differing yet 
complimentary data on a surface, to paint a full picture ofthe surface environment. 
Once the surface has been characterised, a method of surface modification can be 
identified to produce a more desirable surface. The plastics industry presents numerous 
examples of inexpensive polymers with good bulk properties that are modified at the 
surface to produce desirable properties. Due to their common low surface energy, 
polymers are unlikely to possess the surface properties needed to meet the demands of 
various applications. Advances in surface modification techniques have been made so 
that the surface (and in some cases, specific selected areas of the surface) can be modified 
without altering the properties of the bulk. As an industry expands that involves these 
materials, a facile, high-yield surface modification can only become more important, as 
material cost prove important. Surface modification methods include; flame treatmene6, 
corona discharge37, plasma treatmene4, chemical treatmenes (vapour and liquid phase), 
ion-beam modification39, radiation grafting40 and metal deposition41 • 
1.4 Conducting Polymers in the Literature 
Because of their interesting theoretical properties and uses in a variety of 
industrial processes and commercial applications, conducting polymers are subject to 
reactions substituting desirable groups into the polymer, physical and chemical 
modification, and selective surface modification or patteming. The combination of the 
11 
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important electronic and optical properties of semiconductors or metals with the 
mechanical properties and ease of processing associated with polymers has lead to 
research interest in a variety of fields. These applications include the following examples 
found in the current literature. This is not an exhastative list, but is an introduction to 
some ofthe more widespread conducting polymer applications. 
1.4.1 Conducting Polymer Applications 
Corrosion Protection 
The use of conducting polymers for corrosion protection is important as previous 
corrosion preventative coating measures did not last very long42• Designs previous to the 
, 
use of conducting polymers mainly used a metal, such as zinc, that would be used as a 
'sacrificial' electrode and would oxidise over time. This process had the unwanted side-
effect of forming zinc species, a danger in water systems, the most common area of 
corrosion inhibitative coatings. Conducting polymers are now seen as an alternative 
electrical insulator and / or chemically impermeable coating. MacDiarmid was the first 
highlight the corrosion inhibition properties of conducting polymers in 1985, and initial 
work was carried out by Akelah43 • Most current research into this field uses Poly(aniline) 
(PANi) as the coating. For instance, in work presented by Martyak and McAndrew44, a 
combination of P ANi and Nylon was found to protect steel from corrosion in salt water 
environment, although other conjugated polymers than PANi have also been used. For 
instance in work by Lu et at's, a variety of conjugated polymer coatings were 
successfully used to protect mild steel from brine (to simulate sea water) and HCI. 
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Sensors 
Conducting polymers are being developed for use as sensors. The properties of a 
conducting polymer can be tailored easily and a wide range of characteristics can be 
altered readily. In the last 5 years, the field has even stretched to the mimicking of natural 
sense organs such as sme1l46• Conducting polymers are becoming used more and more for 
application as biosensors, where bio-recognition systems such as enzymes or antibodies 
are immobilized on the surface of a physio-chemical transducer. In general, each 
conducting polymer sensor consists of an electrochemical cell with a conducting polymer 
coated electrode. The electrical properties of the polymer are influenced by the desired 
sensed species, and the sensor gives off a response as the cell conducts. 
Modification of the surface of a polymer is sometimes necessary to provide 
suitable conditions for the immobilization of the bio-recognition system. For instance, 
Prissanaroon et at7 developed a sensor array where copper was printed upon a 
poly(tetrafluoroethylene) (PTFE) surface using a soft lithography technique, such that 
poly(pyrrole) (PPy) sensor structures could be electrodeposited in a patterned manner. 
This physical modification of the PTFE surface leads to the possible creation of polymer-
based electronic devices and sensor arrays. 
The list of conducting polymers used as sensors is extensive, and includes such 
applications as gas, pH, ion-selection, humidity and biological sensors to name a few. A 
comprehensive recent review by Adhikari and Majumdar exists on conducting polymer 
sensors48 • 
13 
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Electrochromism 
An interesting property of some conducting polymers is that they are 
electrochromic. Electrochromic polymers exhibit changes in absorbance and reflectance 
of light, as the material changes colour in a persistent but reversible manner via and 
electrochemical reaction. Due to electronic excitement in the polymer chain due to the 
level of dopant present, the light reflectance of the polymer surface, dependant on the 
polymer used, can be anywhere from the infra-red to ultra-violet part of the spectrum, as 
the application of an electric field causes charge separated states to migrate within the 
polymer. 
An obvious advantage of these materials is that visibly, a film of un-doped 
polymer film could be one" colour, and then when potential is applied it will be another. 
This has advantages in the area of producing electronic displays49 or producing 
(eventually) high performance flat-screen monitors5o• 
An extensivley researched example of an electrochromic polymer is ethylene 
dioxythiophene (EDOT). When polymerised electrochemically to PEDOT, the oxidised 
state is light blue and the reduced state deep purple. Figure 1.5 shows the two 'switched' 
states of PEDOT and how the shown oxidised and reduces states are different colours to 
the eye. 
PEDOT(I) 
Fig. 1.5 EDOT to PEDOT switching 
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Hwang and Hosl studied PEDOT and poly(3-methylthiothine) (PmeT). An 
electrochromic device was fabricated via the application of potential to a combination of 
the two polymers, that could be switched from light blue to deep red. Figure 1.6 shows 
CV' s of PEDOT and PMeT overlaid with their electrochromic responses within the 
potential range shown. 
2.0 
<" 1.0 
E 
-1: 0.0 ~ 
::::J () -1 .0 
-2.0 lndOplng) tCM rat. : 100mV/t 
-to -0.5 0.0 0.5 1.0 
E (V) vs. Ag I Ag+ 
Fig. 1.6 Electrochemical responses of polymers EDOT and PmeT 51 
Electrical Components and Light Emitting Diodes (LEDs) 
Conducting polymers can also be used as (amongst other electrical components) 
light emitting diodes (LEDs). In conducting polymer LEDs, shown in figure 1.7, when 
the LED is to be switched on, an electron is electrically injected into the polymer from 
the cathode and a 'hole ' (i.e. an electron removed) at the anode. The polymer film then 
exhibits two halves, one oxidised and one reduced as it is doped by this electron 
movement. The 'hole ' and electron then migrate to the centre of the film, and upon 
recombination, give off light. The frequency of this light is related to the polymer band 
gap, and hence the colour of the LED is dependant upon the polymer used. 
15 
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Fig. 1.7 Schematic diagram of a conducting polymer LED 52 
Chapter 1 
Several polymers have been used to make LEDs, an example is shown by 
Bauerle53 , where end-capped oligothiophenes were used to make LEDs. 
When a conducting polymer is used to create either a molecular wire or any other 
electrical component, sensor or device, the pattern or selective deposition of the polymer 
is vital to the success of the device. 
1.4.2 Patterning of Conducting Polymers 
The patterning of conducting polymers to insulating surfaces is a field at the 
forefront of scientific research. Patterned conducting polymers can be used for the 
creation of different areas of chemical properties to great accuracy and specificity on the 
same surface. 
16 
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There are two types of patteming. The first is deposition patteming where the 
polymer is introduced to an insulating surface via physical deposition, for instance from 
the tip of an AFM, or via lithography. The second is chemical patteming, where a 
template polymer at the surface is altered chemically in some way to create specific areas 
with different chemical properties (such as different wettability or conductivity) to the 
template polymer. 
Deposition patterning 
Perhaps the method most used for deposition patteming is lithography. 
Whitesides et al 54 first introduced this technique to conducting polymers in 1993. 
Lithography involves soft materials such as flexible, elastomeric polymers which are 
used as the primary method of patteming features- onto substrates. The largest advantage 
with this technique is that lithography tools do not damage the chemical systems they 
create in the way that AFM and other microscopy methods can. In particular lithography 
can be used in the production of Self Assembled Monolayers (SAMs). A variety of 
polymers and systems can be used, and many are covered in a review by Whitesides et 
155 a . 
AFM is another means of deposition patteming. Usually, the tip of the AFM will 
be coated in a selected monomer, and as the tip translates across the desired surface, a 
voltage is applied between the tip and the surface, inducing electrochemical 
polymerisation. An example of this technique is shown by Maynor et a1 56• In this work, 
EDOT is polymerised onto a silicon wafer as nano-wires. This and similar other work 
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shows that nano-patterning of conducting polymers may eventually lead to the 
manufacture of nano-circuitry. 
Similar to AFM is scanning probe lithography (SPL) in which ultra-fine patterns 
can be obtained via the use of a nano-scale probe, such as in work by Sung and Kim 57 
where surface is etched away to leave patterns. A scanning tunneling microscopic (STM) 
method can be used in a similar way as AFM. An example of this technique is shown in 
work by Isobeet et al 58 where the STM was used as a counter electrode and the surface 
(in this case highly orientated pyrolytic graphite) the working electrode and a current 
being applied in an electrochemical manner. In this way, PPy was deposited as a pattern, 
and dependant upon the voltage applied, the pattern of the deposit varied. In the same 
way as AFM, STM has been used extensively to pattern surfaces with different species 
than conducting polymers. The tip of the STM has been used in two ways, firstly to etch 
out areas of surface that can be filled with the desired species to give a patterned surface 
(for example in work by Lercel et al 59 where GaAs substrates were patterned through the 
removal of surface with the STM), and to deposit the species directly as in the above 
example. 
Another way in which surfaces can be patterned without conducting polymers is 
through the use of energetic beams. Ion-beams, lasers and UV light have all been used6o-
62 to create delicate patterns on surfaces. Depre et al 63 use a photo-induced patterning 
method. A lacquer of monomer and photo-induced is spin-coated upon a surface, and a 
laser with light at the required wavelength for polymerisation to occur draws a pattern 
ul'0n the surface 
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Chemical Patterning 
Chemical patterning is perhaps a more subtle, and from a chemist's point of view 
elegant, form of patterning. In this technique a template polymer surface can be altered in 
specific areas or patterns to· afford different functional groups, different wettability 
properties, different conductivity or even in the case of electrochromic polymers differing 
colours, as in the newest flat screen technology. 
An example of where chemical pattering and deposition patterning can meet 
comes in the formation of 3D circuitry. Electronic circuitry in the future will run into 
problems as the limiting nature of miniaturisation may lead to a 'dead end' in the 
development of electronics. One way to overcome this would be the development of 3D 
chip design or stacking, such as in work conducted by Ackermann et afA. Patterns were 
etched into a substrate material (in the main Si· wafer) and through electrochemical 
polymerisation pyrrole was polymerised from a LiCI04 electrolyte into the etched 
markings. 
Chemical patterning is an area that ~as so far been widely overlooked in favour of 
the harsher, more readily available and researched deposition methods, however the 
physical patterning methods lack the subtlety of a chemical technique. 
I.S Poly(pyrrole) and Surface Modification 
Poly(pyrrole) (PPy) is a electronically conducting polymer that exhibits a high 
chemical and electrochemical stability. It is easy to electrochemically prepare from a 
range of non-hazardous electrolytes and solutions. The structure of PPy exhibits an 
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aromatic ring through which polymerisation occurs, and an easily abstracted proton that 
leads to facile substitution of hydrocarbon chains into the polymer, altering the properties 
of the polymer with relative ease. This structural feature and high stability mean that PPy 
is an ideal foundation for a group of conducting polymers subject to surface modification. 
Once synthesised, these polymers can be characterised in ways such as contact angle 
measurement. For instance, Bartlett, Grossel and Barrios have shown65 that contact angle 
measurements are sensitive enough to distinguish between film surfaces of poly(3-
pyrrolyl)-carboxylic, butanoic and pentanoic acids. This high sensitivity shows contact 
angle measurements to be a valuable tool in polymer film characterisation. 
An example from the literature where PPy has been taken, desirable groups added 
to the polymer backbone, then the polymer surface modified for an application comes 
from the work of Peng et af'6 where an electrochemical sensor for recognition of the 
DNA hybridization event was prepared based on a new functionalised conducting 
copolymer, poly[pyrrole-co-4-(3-pyrrolyl)] butanoic acid. This precursor copolymer can 
be easily electrodeposited on the electrode surface and shows high electroactivity in an 
aqueous medium. An amino-substituted oligonucleotide (ODN) probe was covalently 
grafted onto the surface of the copolymer in a one step procedure and tested on 
hybridization with complementary ODN segments. Conducting polymers such as PANi 
and PPy are being considered for a range of applications which involve contact with 
biological tissues. PPy is of interest for tissue engineering and other purposes because it 
is a non-toxic plastic that conducts electricity. 
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1.6 Research Aims 
It is often desirable to have a material with areas of specifically different surface 
properties. Research into producing polymer surfaces with areas of differing 
hydrophilicity, roughness, conductivity, functionality, etc. are numerous in the literature. 
Interfacial interactions such as those listed can be eventually achieved by surface 
patteming through several means. 
Electronically conducting polymers are a group of materials that are in use for the 
production of areas of different surface interactions. Applications of these polymers with 
differing areas of surface interactions are examples such as conduction tracks and sensor 
arrays. 
This thesis explores different methods of chemical polymer surface 
functionalisation using model systems. The electronically conducting model system was 
based on pyrrole because it is easy to handle and chemical modifications and 
derivatisation of surface groups is relatively facile. A wide range of characterisation 
methods are available for the study of these materials before and after modification, and 
the optimisation of these processes is important to produce high quality characterisation 
of processes, before the patteming of such surfaces is attempted. 
1.7 Model Pyrrole Based Conducting Polymer System 
This thesis describes the characterisation and surface modification of a model 
poly(pyrrole) system (Scheme 1.1); 
21 
Philip E. Pearson Ph.D. Thesis Chapter 1 
2 
3 
4 
Scheme 1.1 Pyrrole based monomers 
1. 3-(pyrrol-l-yl) propanoic acid (acidmonomer)67 
2. Pentafiuoropheny13-(pyrrole-l-yl)propanoate (PFP monomer)67 
3.2,2,2 - trifiuoroethy13 - (pyrrol-l-yl) propanoate (ester monomer) 
4. 3-Pyrrol-l-yl-propionic 4-chloromethyl-phenyl ester (chlorinated ester 
monomer) 
The monomers shown in scheme 1.1 were fabricated (1 and 2 are existing 
polymers in the literature67, and 3 and 4 are novel), and upon electrochemical 
polymerisation, characterised using a number of relevant techniques in order to assess the 
chemical and physical structure of the polymer films. Subsequently, a study of surface 
modification was undertaken and optimised. To optimise and use the characterisation and 
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modification methods before application to this scheme, a study of radiation (V.V.) 
photo-induced grafting was undertaken upon a well-defined system. Eventually, the 
purpose of the work presented in this thesis was to have fully optimised and characterise 
this chemical modification method, with a view to the selective derivatisation of specific 
areas of a surface to produce a film with both hydrophobic and hydrophilic character. 
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Chapter 2 - Experimental and Characterisation Techniques 
This section discusses the general experimental and characterisation techniques 
used here in the study of surface modification and characterisation of conducting 
polymers. Techniques or formulae dedicated to understanding processes or modifications 
specific to the polymers studied in this thesis are discussed within relevant, subsequent 
Chapters. 
All monomers used were purified prior to use via column chromatography. All 
solvents were purified via distillation using activated. alumina and anhydrous sodium 
sulphate as drying agents. 
2.1 Photo-Induced Grafting 
Photo-induced grafting was performed upon films oflow density poly(ethylene) 
(PE) using benzophenone (BP) as an initiator in DV light (A = 232':500 cm-I). Stabilisers 
(polymerisation inhibitors) contained within purchased monomers to be polymerized 
upon the PE surfaces were removed prior to use via column chromatography. A 
hydro quinone (HQ) / 4-methoxyphenol (MEHQ) removal column was obtained 
commercially from Aldrich for this purpose I. 
Low-density PE film was extracted in acetone to remove stabilizers designed to 
prevent degradation during the manufacturing process2• The film was subsequently 
immersed in a solution of BP in xylene (0.2 M, 2 hours). The film was then dried. The 
mixture containing the monomer(s) desired to graft to the polyethylene film was placed 
in the bottom of the outer tube of the polymerisation apparatus, shown in figure 2.1. The 
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PE film was then attached to the quartz window on the inner tube of the reactor, and the 
system purged with nitrogen (10 minutes). 
Water In 
U.V. Filament -f--+-l 
N2 In -
Gas Supply Tube ---~·I. 
Polymerisation Matrix 
Water Out 
PE Film 
Quartz Window 
Fig. 2.1 U.v. Polymerisation apparatus 
Figure 2.1 shows the photo-induced grafting experiment. Nitrogen carrier gas was 
introduced to the polymerisation matrix via a tube running between the outer and inner 
tubes of the reactor. The nitrogen carried monomer in the vapour phase up to the PE film 
attached to the inner tube. When the UV light was switched on, radiation passed through 
a quartz window to the PE film, and grating polymerisation occurred at the outer surface 
of the film. The apparatus was water cooled throughout the grafting process to ensure the 
inner-tube did not over-heat. The sample was irradiated with U.V. light (5 minutes, le = 
232-500 cm-I), removed from the apparatus, and then washed in acidic (H2S04, 0.1 M) 
solution and basic (NaOH, 0.1 M) solution, before being dried in air. 
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2.2 Synthesis of Pyrrole Based Monomers 
All chemicals used in the synthesis of monomers were used as received from 
Aldrich. IH, 13C and 19F (where applicable) NMR spectra of all three monomers were 
recorded on an AC-400. Bruker spectrometer. 
The monomers synthesized are shown in scheme 1.1. 
Synthesis of3-(pyrrol-l-yl) propanoic acid (poly(acidJ/ 
o 
C:)~OH 
Fig.2.2a 3-(pyrrol-1-yl)propanoic acid 
3-(pyrrol-l-yl)propinononitrile (5 g) was added to an aqueous solution of NaOH 
(20cm3 , 0.5 mol) in a 250 cm3 round-bottom flask fitted with a reflux condenser. The 
mixture was subject to reflux. When ammonia evolution had ceased (ca 6 h), cold water 
(10 cm3) was run down the condenser, and the round-bottomed flask placed in an ice bath 
to cool. H2S04 (50 %, 5 ml), was added. Upon separation, the product formed an upper 
oily phase and was extracted with Et20 (4 x 50 cm3). Ether was evaporated under 
vacuum. The product was yellowlbrown crystals (3.45 g, 66.39 % yield, m.p. 62-63 0C). 
bH~H~H>Ylb 0 
N OH 
~ bH Ha Ha 
Hc 
Fig.2.2b 3-(pyrrol-1-yl)propanoic acid detailing atoms discerned in NMR spectroscopy 
29 
Philip E. Pearson Ph.D. Thesis Chapter 2 
2.76 [t, J(HaHb) 2 Ha]. 
13C NMR: 8 177.00 [s, J(C-C) 1 Ce], 120.55 [s, J(C-H) 2 Cc], 108.63 [s, J(C-H) 2 Cd], 
44.48 [s, J(C-H) 1 Cb], 36.26 [s, J(C-H) 1 Ca]. 
Synthesis of pentajluorophenyl 3-(pyrrole-I-yl)propanoate (poly(PFP)/ 
F 
F 
F 
Fig. 2.3a Pentafluorophenyl 3-(pyrrole-1-yl)propanoate 
3-(pyrrol-l-yl)propanoic acid (1 g, 8 mmol) was added to acetronitrile (50 cm3) in 
a 250 cm3 flask and stirred. Subsequently, pentafluorophenol (1.47 g, 8 mmol) and 
dicyc1ohexylcarbodiimide (1.66 g, 8 mmol) were added. During stirring overnight, a 
creamy white, thick, precipitate of dicyc10hexylyurea developed, which was subsequently 
filtered. Upon removal of acetronitrile with rotary evaporation, a golden oil was left. This 
was taken up in hexane and left in a freezer for several hours, yielding off-white needle 
like crystals. These crystals were removed by filtration and washed with cold hexane. 
These crystals were dissolved in a minimal amount of 75 : 25 dichloromethane : hexane 
and flushed through a flash silica column. The fractions containing product were 
identified by" TLC, collected, combined, and solvent removed under rotary evaporation to 
yield white crystals (0.76 g, 42.25 % yield, m.p. 40-41 0c). 
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F 
1 
Hd F.... ~Ch ..... F o 'c 'Ci CHX;bH Hb 11 Ig 11 ~ X ..... Ce ...... Cf, .... Ch N~ X '0 'Cg 'F 
'~ Ha Ha 1 
cH F 
Hd 
Chapter 2 
Fig. 2.3b Pentafluorophenyl 3-(pyrrole-1-yl)propanoate detailing atoms discerned in NMR 
spectroscopy 
3.06 [t, J(HaHb) 2 Ha]. 
BC NMR: 0 167.15 [s, J(C-C) 1 Ce], 141 [m J(C-C) 2 Cg], 136.69 [m J(C-C) 1 Ci], 
120.47 [s, J(C-H) 2 Cc], 109 [s, J(C-H) 2 Cd], 44.43 [s, J(C-H) 1 Cb], 
35.76 [s, J(C-H) 1 Ca]. Carbons f and h are not visible due to noise on the spectra. 
u . 
F NMR: 0 -149.35 [m, 2 Fg], -154.38 [t 1 Fd, -158.95 [m 2 Fh]. 
Hydrolysis of pentajluorophenyl 3-(pyrrole-l-yl)propanoate 
A method for the hydrolysis of a poly(PFP) film back to the poly(acid) precursor 
was developed. 
The poly(PFP) film, still attached to a gold substrate, was immersed in a solution 
ofNaOH (O.IM) and DMSO in the ratio of90 : 10 overnight. The proposed hydrolysis 
reaction is shown in scheme 2.1. 
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F 
ft F*, F O.1M NaOH in DMSO 
CN~O ~ F 
F 
n 
Scheme 2.1 Hydrolysis of poly(PFP) to poly(acid) film 
Synthesis of2,2,2 - trifluoroethyl3 - (pyrrol-I-yl) propanoate (poly(ester)) 
Fig.2.4a 2,2,2 - trifluoroethyl 3 - (pyrrol-1-yl) propanoate 
Chapter 2 
3-(pyrrol-I-yl)propanoic acid (I g, 8 mmol) was added to acetronitrile (30 cm3) in 
a 250 cm3 flask and stirred. Subsequently, triflouroethanol (TFE) (0.80 g, 8 mmol) and 
dicyc1ohexylcarbodiimide (1.66 g, 8 mmol) were added. During overnight stirring, a 
creamy white, thick precipitate of dicyclohexylyurea developed, which was subsequently 
removed by filtration. Upon removal of acetronitrile via rotary evaporation, yellow 
crystals fonned. These crystals were removed by filtration and washed with cold hexane. 
The crude product was dissolved in a minimal amount of 75 : 25 dichloromethane : 
hexane and flushed through a flash silica column. The fractions containing product were 
identified by TLC, collected, combined, and solvent removed under rotary evaporation to 
yield white crystals (0.80 g, 50.00 % yield, m.p. 86-89 ~C). 
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Hd 0 F CH~bH><xHb 11 ~ ~ Ce F 
N "0 
cH ~ Ha Ha F 
Hd 
Fig. 2.4b 2,2,2 - trifluoroethyl 3 - (pyrrol-1-yl) propanoate detailing atoms discerned in NMR 
spectroscopy 
2.84 [t, J(HaHb) 2 Ha]. 
BC NMR: () 177.3 [s, J(C-C) 1 Ce], 120.58 [s, J(C-H) 2 Cc], 108.62 [s, J(C-H) 2 Cd], 
44.48 [s, J(C-H) 1 Cb], 36.32 [s, J(C-H) 1 Ca]. 
19F NMR: () -150.97 [t, 1 F]. 
Synthesis of 3-pyrrol-l-yl-propionic 4-chloromethyl-phenyl ester(poly(chlorinated ester)) 
Fig. 2.5a 3-Pyrrol-1-yl-propionic 4-chloromethyl-phenyl ester 
3-(pyrrol-1-yl)propanoic acid (1 g, 8 mmol) was added to acetronitrile (50 cm3) in 
a 250 cm3 flask and stirred. Subsequently, 4-(Chloromethyl)benzyl alchol (1.25 g, 8 
mmol) and dicyc1ohexylcarbodiimide (1.66 g, 8 mmol) were added. During stirring 
overnight, a creamy white, thick precipitate of dicyc10hexylyurea developed, which was 
subsequently removed by filtration. Acetronitrile was removed under vaccum leaving a 
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pale yellow oil residue. This was left in a freezer for several hours, yielding off-white 
needle like crystals. These crystals were dissolved in a minimal amount of 50:50 
dichloromethane : hexane and flushed through a silica column. The fractions containing 
product were identified by TLC, collected and combined, and solvent removed under 
rotary evaporation to yield a white liquid that turned to white crystals when placed in a 
freezer overnight. These crystals (0.61 g, 63.8 % yield) were thought photo-sensitive as 
they were white when in a freezer and out of direct light and upon direct exposure to light 
(ca. 2 hours), a purple liquid formed, suggesting photo-initiated polymerisation of the 
monomer when exposed to DV light. 
Hf eH He 
~ C9,. ....... Ch~ 
. N 0 Hf 
~ 
cH Ha Ha Hf 
Hd 
Fig. 2.Sb 3-Pyrrol-1-yl-propionic 4-chloromethyl-phenyl ester detailing atoms discerned in NMR 
spectroscopy 
IH NMR: 0 7.30 [m, J(Hr) 4 Hr], 6.68 [s, J(HaHb) 2 Ha], 6.26 [s, J(HbHa) 2 Hb], 
4.76 [t, J(HcHd) 2 He], 4.69 [t, J(lid He) 2Hd, 4.23 [t, J(HeHr) 2He 
13C NMR: 0 142.00 [s, J(C-C) 1 Cg], 127.95 [s, J(C-Hrl Ch], 125.63 [s, J(C-H) 1 Ci], 
121.48 [s, J(C-H) 1 Ca], 120.85 [s, J(C-H) 2 Ca], 109.37 [s, J(C-H) 2 Cb], 77.48[m, J(C-
C) 4 Cr], 65.50 [s, J(C-H) 1 Ce], 46.21 [s, J(C-H) 1 Cc],44.43.[s, J(C-H) 1 Cd]. 
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2.3 Electrochemical Polymerisation 
Polymer films of 3-(pyrrol-l-yl) propanoic acid (poly(acid)), Pentafluorophenyl 
3-(pyrrole-l-yl)propanoate (poly(PFP)), 2,2,2-trifluoro-ethyl ester (poly(ester)) and 3-
Pyrrol-l-yl-propionic 4-chloromethyl-phenyl ester (poly(chlorinated ester)) (thickness -
lx-l0·7 - Ix 10.6 m) were prepared by anodic oxidation upon a platinum disk electrode 
(area 1 mm2) and gold-coated glass slides (area 5-10 mm2) , using the electrochemical 
methodologies, described below. 
Electrochemistry 
The measurement of electrode currents as a function of voltage applied to an 
electrolysis cell provides information about the mech3;nism of reaction of the cell reaction 
studied. An electrochemical cell consists of three electrodes, the first is a working 
electrode, in this case, a platinum disk electrode or a gold coated glass slide, where 
polymer growth occurs. A wide range of chemistry can be observed at the electrode 
surface4• A working electrode takes up the equilibrium potential for the solution in the 
absence of any net current, however if it is forced to take up a different chemical 
potential, current in the external circuit will change according to the Nernst equation, 
equation 2.1, provided kinetics of electron transfer are fast, 
E E O' RT In Co E = e + 
nF c r 
Eqn.2.1 
where EE represents the equilibrium potential, R the gas constant, T the absolute 
temperature, n the charge number of the electrode reaction, F the Faraday constant and Co 
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and Cr the concentrations of the oxidising and reducing species. E/ is the equilibrium 
potential when Co = Cr. This is also known as the formal potential5• 
The second electrode is the reference electrode, in this case an Ag/ Ag + non-
aqueous reference electrode (potential = 0.2223 V). The reference electrode has a known 
and constant potential. The potential swept across the system is the difference between 
the potential at the working electrode, and that at the reference electrode. The third 
electrode, the counter electrode, in this case Pt gauze, is the current carrier between the 
original source and the electrolyte, maintaining the controlled current. Figure 2.6 is a 
representation of a typical electrochemical cell, where W, Rand C represent the working, 
reference and counter electrodes respectively. 
Nitrogen 
111ennome!er 
Fig. 2.6 A typical electrochemical cell 
Cyclic Voltammetry 
Cyclic voltammetry is a widely used technique for the acquisition of qualitative 
and quantitative information of an electrochemical reaction. A wide range of chemistry 
can be observed at the electrode surfaces4• Information about the number of oxidation 
states of a system, as well as electron transfer kinetics are primary examples of data that 
can be found using this technique. In cyclic voltammetry, the voltage applied is swept 
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between two values at a fixed rate, and this renders a response via change in recorded 
current. Once the voltage reaches a desired maximum, the direction of the sweep is 
reversed, and the voltage returns to the starting value at the same, fixed rate (the scan 
rate). Figure 2.7 shows the progress of a cyclic voltammogram, and how the potential, V, 
changes with time. 
Eswitch 
Forward Scan Reverse Scan 
E initial 
Time (s) 
E 
final 
Figure 2.7 The variation of potential with time in a CV 
Figure 2.8 represents a typical cyclic voltammogram (CV), showing the sweep 
between a starting potential, and a point where the potential is reversed (Eswitch). Bp,a and 
Ep,c represent the maximum and minimum current values between the two potentials. 
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Fig. 2.8 A CV of O.SmM [Fe(CsHsh1 in organic solventS 
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Figure 2.8 shows the CV of Fe(CsHs)2 in organic solvent. Ep,a and Ep,c are clearly 
shown. In the case of voltammetric growth of a conducting polymer, the first sweep does 
not exhibit. Ep,a and Ep,c. The current does not rise to a peak until the applied potential 
reaches the level where polymer is deposited upon the electrode surface. At this point, the 
current rises extremely quickly with respect to the applied potential, before falling away 
upon the reverse sweep. This characteristic first scan for a poly(acid) film growth is 
shown in figure 2.9. 
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Fig. 2.9 The first scan of poly(acid) electrochemical Growth. Blue, 0 - 1V, red, 1 - OV 
From the second scan onwards as the film continues to be deposited, the CV 
begins to resemble that of figure 2.8. Ep,a and Ep,c appear characteristically for the 
polymer being grown and these peaks characteristically increase in magnitude upon 
multiple scans showing deposition of the polymer film. The following 20 scans from the 
polymer grown in figure 2.9 are shown in figure 2.10, as the number of scans increase, 
the magnitude of the peaks increase from small to relatively large amounts of current. 
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Potential (mV) 
Fig. 2.10 Scans 2-21 of poJy(acid) growth 
Assuming the electrolyte contains an electroactive species, A, that can undergo a 
one electron (n = 1) reduction to form B, equation 2.2 is true. The reaction is reversible, 
and oxidation back to A is possible. 
A + e- (m) ~B Eqn.2.2 
Assuming the reaction kinetics are reversible, the B peak potential, Ep, is constant 
and independent of sweep rate, and quantitatively, equation 2.3 is true. 
RT 
E p - E p / 2 = 2 .20 --
F 
Eqn.2.3 
E Oe is defined as the standard equilibrium potential where concentrations of A and 
B have unit activity and the potential is measured relative to the standard hydrogen 
electrode (SHEl 
For an irreversible transfer, Ep shifts by approximately 1.16RT / aF for each 
factor of 10 of scan rate . So equation 2.4 is true. 
E -E / ? = 1.86RT / aF p p - Eqn. 2 4 
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In the case of a one electron, reversible transfer system, the heights of the forward 
and reverse current peaks are equal and separated by approximately 59mV (at 298.14K), 
and is independent of scan rate. If, in a reversible electrode process, n electrons are 
transferred, the separation becomes as described by equation 2.5. 
I 
RT 
E ", -E "d 1=2.218-
P P nF 
Eqn.25 
The absolute magnitude of all peak currents is dependant upon the voltage sweep 
rate. The fmal relationship for the net current, I, flowing at the working electrode is 
governed by equation 2.6, the Butler-Volmer equation. The Butler-Volmer equation is an 
activation controlled reaction, one for which the rate of reaction is controlled solely by 
the rate of the electrochemical charge transfer process, which is in turn an activation-
controlled process. These kinetics are described by the Butler-Volmer equation, equation 
2.6. 
Eqn.2.6 
where io is exchange current density, 11 is overpotential (= E - Eo), n is number of 
electrons, UA is anodic transfer coefficient, and ac is cathodic transfer coefficient. 
The work described here was carried out in a similar electrochemical cell to that 
shown in figure 2.6. Electrolytes consisted of the polymer to be studied (0.03 M), 
Et4N3CI04 (for the acid monomer, LiCI04 for other monomers) (0.1 M), and acetronitrile. 
A potentiostat (Princeton applied research model 263 A) was used to control the cell. A 
scan rate of90 mVs-1 was used to grow films. 
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2.4 Infra-Red Spectroscopy7,8 
Infra-red (IR) spectroscopy is one of the most informative and most widely used 
analytical techniques. IR spectra provide information on the vibrational structure of a 
molecule. Absorption of IR radiation by a molecule results in excitation of vibrational, 
rotational and bending modes at characteristic, identifiable frequencies (typically 4000 to 
600 cm-I), while the molecule itself remains in its electronic ground state. Almost all 
known substances (except those without dipole moment about which bonds vibrate or 
bend) have been studied via this technique, giving rise to a vast database of knowledge. 
Radiation absorbed within this section of the electromagnetic spectrum is measured in 
reciprocal wavenumbers (cm-I), and corresponding frequency peaks upon an IR spectrum 
can be used to identify groups within the studied molecule. 
Samples studied in this thesis were measured usmg a Nicolet 20 DXC 
spectrometer with a resolution of 2 cm-I. Spectra were acquired using 200 scans. Spectra 
shown in this thesis have been corrected for water absorption, and have been smoothed 
by a 21 point convolutional smoothing algorithm which is part of the OMNIC v1.2 
software. 
Fourier-Transform Infra-Red Spectroscopy 9 
Fourier-transform infra-red spectroscopy (FTIR) detects the intensity of infra-red 
light as a function of a moving mirror displacement. This intensity distribution is known 
as an interferogram. The interferogram is later converted to an IR spectrum using a 
Fourier-transform technique. A schematic of the FTIR equipment is shown in figure 2.11. 
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Fig. 2.11 Schematic diagram of FT-IR 
During FTIR, an interferometer is used to expose the sample to all the scanned IR 
frequencies simultaneously. As the radiation hits the beam splitter, the radiation is 
divided. Half hits the fixed mirror, the remainder hits the moving mirror. Upon 
recombination of the radiation at the beam splitter, the radiation that has hit the moving 
mirror has travelled a different distance to that which hit the stationary mirror. When the 
two beams recombine, interference is caused by this differing distance traveled, 
producing an interferogram. The interferogram contains the unique property that every 
data point Ca function of the moving mirror position) which makes up the signal has 
information about every infrared frequency which comes from the source. Because the 
interferogram cannot be interpreted directly, it needs to be transformed into a frequency 
spectrum. A Fourier Transform is used for this purpose in FT-IR. The Fourier transform 
is a certain linear operator that maps functions to other functions. The Fourier transform 
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is a statistical technique transforms time-dependant intensity functions into the frequency 
domain. 
Monomer and conducting polymer samples in this thesis were all characterised 
using FTIR Spectroscopy, and, where indicated, using a reflectance attachment and 
reflection absorption infra-red spectroscopy (RAIRS). 
Attenuated Total Reflectance Spectroscop/o 
Attenuated Total Reflectance Spectroscopy (ATR) provides considerable 
information about both the chemical composition and structure of surfaces at variable 
depths. For this reason, ATR is useful for depth-profiling studies JO. 
In ATR, the IR beam incident above the critical angle shows total reflection at the 
prism/sample interface, and continues to reflect until it exits the prism. The prism is 
transparent, and has a refractive index typically higher than 2.5 (e.g. Ge, ZnSe). At the 
point of reflection, the radiation passes out of the prism and forms an evanescent wave, 
the interference wave formed by interaction between the incident and reflected waves . 
The material in contact with the A TR prism interacts with the evanescent wave and 
absorption at the selected frequencies results. The IR spectrum is formed by the detection 
of the radiation exiting the prism. The 'multi-bounce' property of the radiation within the 
prism increases the signal, making surface analysis and depth profiling possible. The 
ATR-IR experimental set-up is shown schematically in figure 2.12. 
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Evanescert WfMJ Penetration 
Fig.2.12 Schematic diagram of ATR 
The evanescent wave has an amplitude that drops exponentially with distance 
from the prism surface, described by equation 2.7. 
E = E 0 exp( - x / a p ) Eqn.2.7 
In equation 2.7, E is the amplitude of the evanescent wave at depth x, Eo the 
amplitude of the wave at the surface, x the distance into the polymer and dp penetration 
depth, which is described as the depth at which the amplitude of the evanescent wave has 
decreased to lie of it's initial value at the interface. Equation 2.8 shows dp is a function of 
the refractive index ratio between the prism and the sample, angle of incidence and 
frequency. Therefore dp can be changed by the manipulation of these parameters. 
Eqn.2.8 
Before and after surface modification, PE films were characterised with ATR-IR 
Spectroscopy. 
2.5 X-Ray Photoelectron Spectroscopy 
X-Ray Photoelectron Spectroscopy (XPS)II is based upon the photoelectric 
effect l2 , where X-ray photons impact upon a surface and eject electrons from it. Atoms 
44 
Philip E. Pearson Ph.D. Thesis Chapter 2 
need to absorb X-rays with energIes equal to the quantized binding energies of the 
electron to be ejected such that they escape the sample. Figure 2.13 shows the 
photoelectric effect. 
Ionisation Potential 
Shell 
X-Ray 
Fig. 2.13 The photoelectric effect 
Equation 2.9 shows the kinetic energy (KE) of an ejected electron can be 
calculated by the relationship between it's binding energy (BE), the energy of the x-ray 
photon, h v, and the work function of the specific spectrometer ,rp. 
KE=hv-BE- rp Eqn.2.9 
Figure 2.14 shows a schematic of a typical XPS instrumental setup. 
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Fig. 2.14 Schematic diagram of XPS instrumentation 
The apparatus in the XPS experiment consists of an X-Ray source, an electron 
analyzer (to measure the KE of ejected photoelectrons), a detection system that counts the 
number of ejected photoelectrons, and a data processing system that outputs smoothed 
data and has identified and quantified peaks. 
XPS is a highly surface specific technique due to the short path length of 
photoelectrons travelling in the solid sample. The energy of the photoelectron ejected 
form the sample is measured using a concentric hemispherical analyser, giving a 
spectrum showing a series of photoelectron peaks with binding energies characteristic to 
orbitals in each element. Comparison of peak areas corrected for the sensitivity of the 
specific spectrometer for different energy electrons can be used to determine the surface 
composition of the sample. 
As energy is conserved when a photoelectron ionizes a sample, hv, the energy of 
the incident photon, must be equal to the sum of J, the ionization energy of the sample 
and the kinetic energy of the photoelectron, as shown by equation 2.10. 
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hv =KE+J Eqn.2.10 
XPS has an advantage over UV photoelectron spectroscopies because XPS gives 
information about inner-shell core electrons of a film (i.e. film composition), whereas UV 
photoelectron spectroscopies only give information about outer-shell binding energies 
(i.e. bonds). 
The samples discussed here were studied usmg a SCIENTA 300 XPS 
spectrometer at the National Centre for Electron Spectroscopy and Surface Analysis 
(NCESS), Daresbury Laboratory. 
2.5.1 The Tougaard technique for interpretation of XPS backgrounds 
This section describes a technique pioneered by Sven Tougaard 13, in which the 
background level of an XPS spectrum can be used to give both quantitative depth 
information, and quantitative data about the distribution of elements at the surface of a 
sample. A quantity, D, is defmed for XPS peaks, which for homogeneous samples is 
independent of the rate of photoelectron production from the XPS source, as well as peak 
shape, but for inhomogeneous samples, due to elastic and inelastic scattering, is a strong 
function of the depth composition. D is essentially the ratio of the XPS peak area to the 
increase in background signal associated with the peak. Tougaard experimentally defined 
a mean value of D, Do, for homogeneous samples, such that measurement of D for a 
given XPS peak can give quantitative data on the depth location of the corresponding 
element. 
Knowledge of the chemical composition of a sample is very important. XPS is a 
surface specific, non-destructive technique useful for quantitative studies of surface 
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compositionl 4. This technique pioneered by Tougaard allows depth composition data to 
be retrieved from a single XPS spectrum (rather than many at different take off angles, 
which can be used up to a sample depthl5 of 50A). The previous method for collecting 
these data was depth profiling using ion bombardment of the surface l5, which distorted 
the chemical composition of the sample I4,16, and several spectra were needed. 
Application of the Technique to XPS Spectra 
Figure 2.15 shows the energy distribution of emitted electrons in the vicinity of a 
single peak. 
E 
Electron Kinetic Energy 
Fig. 2.15 Schematic representation of the energy spectrum in the vicinity of a peak 13 
The peak in figure 2.15, Ep, is accompanied by an increase in the flux of emitted 
electrons at lower energies. This tail of lower energy electrons originates from electrons 
which, from their point of excitation, have suffered inelastic collisions on their way out of 
the solid. 
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The probability that a photoelectron will experience an inelastic collision on the 
way out ofthe sample is exp( -:] where d is the path length in the sample and A, is the 
attenuation length (typically 2-4 nm for electrons of the KE studied here) . Electrons 
emerging from a depth of 3 x A, will therefore have a greater chance of having undergone 
mUltiple inelastic collisions. These electrons contribute to the inelastic background to the 
lower KE side of all photoelectron peaks. A photoelectron that contributes to the 
background well below a photoelectron peak has probably originated from deeper in the 
sample than a photoelectron contributing to the background near to the peak. The shape 
of the inelastic background can thus provide information on composition variations with 
depth. 
Tougaard showed that theoretically the region below the peak of the flux of 
emitted electrons is given by equation 2.11 . 
Eqn.2.11 
In equation 2.11 , f) is the electron energy analyser angle to the surface normal, Al 
the transport elastic mean free path, S the electron stopping power, and W the electron 
straggling parameter of the solid. The validity of eqn.2.11 has been verified 
experimentallyl? The flux of emitted electrons within the energy region of the peak is 
described in equation 2.12. 
J(En) = cos ())"F(E) Eqn.2.12 
In equation 2.12, A is the inelastic mean free path of the electrons. After 
integration of the peak, the peak area, Ap , can be found as shown in equation 2.13. 
Eqn.2.13 
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Now, for a sufficiently narrow primary peak centred around Ep = (E2+E1)/2 , D 
can be defined as shown in equation 2.14. 
Eqn.2.14 
Equation 2.14 defmes D, which is independent of the peak shape and of the rate 
of primary photoelectron generated. D is a function of the electron transport parameters 
of the medium. In general, these parameters depend on the kinetic energy Ep as well as 
the specific surface studied. Tougaard went on to experimentally define Do, the mean 
value ofD taken from application of equation 2.14 to seven homogeneous metals I3 . This 
was found to be 23 e V. 
Concentration Profiles 
From his experimental results, Tougaard found that D to the first order was a 
constant for homogeneous samples, and is matrix, energy and concentration independent. 
So this implied Do was a universal constant that could be used for arbitrary comparison in 
surface depth profiling. So, for a homogeneous distribution within a sample, XPS peaks 
have values of D that are close to Do. XPS peaks that have values of D that deviate 
significantly from Do implies that a non-uniform distribution of impurities are present in 
the surface region of the surface. 
Figure 2.16 shows impurity distributions. Figure 2.16a shows the case where 
atoms of interest are present towards the surface of a film, 2.16b where they are 
homogeneously distributed throughout the sample, and 2.16c where they are grouped 
deeper into the sample. In each case, the determining factor is how far the impurity 
photoelectrons have travelled to escape the film. The deeper the impurity, the further the 
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photoelectrons have travelled, and the more photoelectrons are lost from the peak and 
background. 
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Fig. 2.16 Distribution of impurities in a film, a) towards the surface, b) homogeneously scattered, 
c) deeper in the film 
Due to the difference in energy loss and background shape of the peaks in each of 
these three situations, it can be surmised that for impurities near the surface, D » Do, for 
homogeneously scattered impurities, D ~ Do, and for those deeper, D « Do. Thus, 
calculations of Ap, B and hence D for notable peaks in spectra can give qualitative 
concentration profiles of polymer films. 
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2.6 Atomic Force Microscopy 
Atomic force microscopy (AFM) I 8, is part of the scanning probe lTIlCrOscopy 
group of techniques. AFM is a scanned-proximity probe microscope that provides high 
resolution images of various samples. AFM works by measuring a local property, such as 
height, magnetism or charge density, with a probe or 'tip' placed close to the sample, and 
an interaction between tip and sample is measured, producing a 3D map of the surface. 
An AFM image is acquired by a microscope raster scanning the tip over the sample while 
measuring the local property in question. The resulting image is built up as the tip scans 
back and forth across the sample. Samples can be analyzed in air, a liquid or a vacuum. 
Figure 2.17 shows the AFM tip, typically 3-50 nm radius of curvature, and as it is 
moved across the surface. The tip is mounted on a flexible cantilever, allowing the tip to 
follow the surface profile. 
Tip 
Sample 
Fig. 2.17 Schematic diagram of the AFM tip and sample 
The tip is scanned over the sample surface with feedback mechanisms enabling 
piezoelectric (PZT) scanners to maintain the tip at a constant force, or a constant height 
above the surface. As the tip moves up and down across the surface, the laser beam 
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deflected from the cantilever provides measurements of the difference in light intensities 
between the upper and lower photo detectors. Feedback from the photodiode difference 
signal enables the tip to maintain a constant force or height above the sample. Figure 2.18 
is a schematic of the AFM apparatus. 
Photodiode 
Saml)le 
Fig. 2.18 Schematic diagram of AFM instrumentation 
There are three modes of AFM operation; contact mode, non-contact mode and 
tapping mode. 
Contact Mode 
Contact mode AFM was the first mode of AFM to be used successfully. In 
contact mode, the AFM tip is in contact with the sample as it scans the surface. Figure 
2.19 shows a schematic of contact mode AFM. 
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Fig. 2.19 Schematic of contact mode AFM 
The interactions between the tip and sample are predominantly repulsive due to 
van der Waals interactions between the tip and sample. The close interatomic distances of 
the tip and the sample result in electrostatic repulsion of the atom at the point of the tip 
and the atoms of the sample surface. In addition to this repulsive force, there is an 
attractive capillary force due to the presence of a containment layer over the sample 
surface, constant across a homogeneous sample, and also the force exerted by the 
cantilever, dependant upon the deflection and spring constant of the cantilever. 
When scanning the surface in constant height mode, the tip is placed in contact 
with the surface, and the PZT scanner holding the AFM tip scans the surface without 
altering the tip height. The cantilever deflection is therefore used to determine surface 
topography. In constant force mode, the force between tip and sample is kept constant via 
a feedback loop, and the cantilever deflection recorded by an optical detection system. As 
in constant height mode, the tip is in contact with the sample. 
The advantages of contact mode AFM are that it is fast relative to non-contact and 
tapping modes of AFM, and it is the only mode that can obtain atomic resolution of 
54 
Philip E. Pearson Ph.D. Thesis Chapter 2 
surfaces. Also, rough surfaces with large changes in topography can sometimes be 
measured more easily in contact mode. The main disadvantage of contact mode AFM is 
the destruction or degradation of softer biological or polymer surfaces as the tip is 
dragged across the surface. 
Non Contact Model 9 
In non-contact AFM, the tip hovers ca. 100 A above the sampl~ surface and 
detects attractive van der Waals forces acting between the tip and sample surface. Due to 
these forces being substantially weaker than those detected in contact mode, the tip must 
be given a slight oscillation. As the tip is oscillating and moving across the surface, the 
van der Waals interactions are detected via measuring the change in frequency, amplitude 
or phase of the cantilever oscillation. The magnitude of the change is used to determine 
surface topography. Figure 2.20 shows a schematic of non contact mode AFM. The main 
difference between the modes described by figures 2.19 and 2.20 is the apparatus 
controlling the frequency of the cantilever, and the apparatus used to detect the amplitude 
and phase of the cantilever as it is affected by interaction with the surface. 
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Fig. 2.20 Schematic of non contact mode AFM 
This mode is ideal for softer samples such as polymers due to the lack of contact 
between tip and sample. The total force between tip and sample is approximately 10-12 
pN, ideal for soft or elastic sample studies. 
Tapping Model 9 
Tapping mode AFM is a relatively recent advance in AFM, and allows high 
resolution imaging of soft samples that are difficult to study in contact mode due to 
surface destruction. The cantilever is oscillated at natural resonant frequency using a PZT 
actuator. The actuator applies a force on the cantilever base, forcing the cantilever tip to 
vibrate, lightly tapping the surface. Due to the energy loss caused by intermittent contact 
between the tip and the surface as the tip translates across the surface, the amplitude of 
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vibration changes with surface topography. The oscillation amplitude is kept constant 
through a feedback loop, but the amplitude of vibration changes due to different amounts 
of vibrating space with peaks or troughs on the surface, and it is this that is used to 
produce the image of the surface. 
Figure 2.21 is a summary of how the forces between the tip and sample vary in 
each mode of AFM, and the distance of the tip to the sample in each of the three modes. 
Force 
Intermittant 
contact 
Contact 
i Attractive Force 
Distance (Sample-tip seperation) t Repulsive Force 
Non-Contact 
Fig. 2.21 Interatomic force variation vs. distance between AFM tip and sample in the three 
different modes 
AFM images in this report were recorded on Digital Instruments (Vecco) 
Nanoscope IV machine using a resonant mode (non-contact) cantilever. 
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2.7 Electronic Quartz Crystal Microbalance 
Quartz Crystal Microbalance (QCM) is a technique that measures frequency 
changes of an oscillating a crystal during an experiment. Under specific circumstances, 
these frequency changes can be converted into a measure of mass upon the crystal. The 
frequency of the crystal can be measured very precisely, meaning that very small changes 
in mass on the crystal can be measured. The relationship between mass absorbed and the 
frequency of the crystal is described by the Sauerbry equation, equation 2.14. 
Eqn.2.14 
In equation 2.14, L1f is the measured frequency change, Fa is the resonant 
frequency of the fundamental mode of the crystal, Llm is the mass change per unit area 
(g/cm-2), A is the piezoelectrically active area, pq the density of quartz (2.648 g/cm\ and 
Mq the shear modulous of quartz (2.95 g/cms2 to 2 d.p.) 
Situations where the Saubery equations cannot be applied include (i) where the 
added mass is not rigidly deposited on the electrode surface, (ii) where the mass slips on 
the surface and (iii) where the mass is not evenly deposited on the electrode. 
Figure 2.22 shows the QCM crystal used as a working electrode, attached to a 
glass vessel in which electrolytes can be poured. 
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Fig. 2.22 EQCM apparatus 
In figure 2.22, the QCM crystal has a gold centre. The crystal comprises of a 
piezoelectric AT cut quartz crystal sandwiched between a pair of electrodes. The crystal 
is connected to an oscillator, and upon the application of AC current, the crystal oscillates 
(yo). The crystal has a resonant frequency due to the piezoelectric effect20, this frequency 
is stable due to very high quality of oscillation, or a high 'Q' factor. 
In addition to measuring the frequency of the crystal, the dissipation is often 
measured to help analysis. The dissipation is a dimensionless quantity inversely related to 
the resonance frequency and decay time constant. As such it gives a qualitative measure 
of the damping in the system. 
With the addition of an electrochemical element, the QCM experiment can be 
expanded to include more diverse experiments. In Electronic Quartz Crystal 
Microbalance (EQCM), the crystal is used as a working electrode. Figure 2.22 shows the 
apparatus for an EQCM experiment, the crystal (working electrode) is in contact with 
electrolyte, and is attached to a potentiostat as well as the oscillator. The mass transport 
during an electrochemical cycle can be detected via the mass absorbed on the crystal. 
With each sweep, the rate of mass transport can be followed by following the change in 
the oscillative frequency of the crystal. 
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2.8 Contact Angle Measurements 
Taking the contact angle of a liquid drop at a solid surface is a useful surface 
characterisation technique. The angle that a drop makes with a low surface energy 
materials can be used to calculate the surface energy of the material, predict adhesion 
properties and defme the surface' s wettability. A schematic of a sessile-drop upon a 
surface is shown in figure 2.23. 
Vapour 
Solid 
Fig. 2.23 A schematic diagram of an axisymmetric sessile-drop contact angle system 
Y oung21 was first to propose a relationship existed between a contact angle of a 
liquid droplet on a solid surface and the surface tensions of the liquid and solid involved. 
This work was carried out under the belief that polymer-liquid interfaces behaved in the 
way Young theorised, and hence contact angles are governed by surface tension. 
However, it has been shown more recently, an idea originally proposed by 
Shuttleworth22, that the contact angle is governed by the thermodynamic properties of the 
liquid and the solid surfaces. YoUng's equation is in fact a thermodynamic equation 
describing the equilibrium wetting situation for the given liquid and solid. The contact 
angle is not based on a surface tension properties. Equation 2.15 is known as Young's 
equation, and it describes this relationship. 
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Ysv = YSL + YLv cosB Eqn.2.15 
where Ysv, YSL and YLV are surface and interfacial energies, and e the contact angle. An 
alternate fonn of this expression is equation 2.16. 
Y S = Y SL + Y L cos B + II Eqn.2.16 
where Ys is the surface free energy of the solid, YL the surface free energy of the liquid and 
nthe spreading pressure of the vapour over the solid surface. 
When vapour is adsorbed onto a surface, the free energy of the surface is reduced. 
Polymers are relatively low energy solids, so the contact angle is greater than 10°. This 
means that the spreading pressure is generally neglected, thus YSV = Ys . So, when e is a 
fmite contact angle (i.e. when e exceeds 0°), the liquid is non-spreading on the solid, and 
when e = 0°, spontaneous spreading occurs. The condition for spontaneous spreading can 
be expressed in the following two equations, equations 2.17 and 2.18. 
In equation 2.18, n = Ys - Ysv . 
Ysv ~ YSL + YLV 
Ys ~YSL + YL +II 
Eqn.2.17 
Eqn. 2.18 
Dupre23 defmed Wad, the thennodynamic work of adhesion, as the work done 
against intennolecular forces when separating two phases, and this is expressed in 
equation 2.19, the Dupre equation. 
Eqn.2.19 
When the Dupre equation and the Young equation are combined, an equation can 
be expressed which defmes the work of adhesion, Wad, in tenns of the surface free energy 
of the liquid and the contact angle is found. This is known as the Young-Dupre equation, 
equation 2.20. 
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Eqn.2.20 
therefore, if a liquid with a known YLvis used, the value of Wadcan be found. 
Young's equation (equation 2.15) suggests the existence of only one contact 
angle. This suggestion assumes that the solid surface is smooth, homogeneous rigid and 
isotropic. These conditions are very rarely seen under experimental conditions24, more 
commonly, two types of contact angle are observed; 
• 
• The advancing contact angle - made up when the liquid drop is advanced across 
the solid's surface by the further addition ofliquid to the system 
• The receding contact angle - made by the liquid drop just before the liquid drop is 
receded by the removal of the liquid from the solid surface 
The difference between the advancing contact angle (the maximum angle made 
by the liquid drop) and the receding contact angle (the minimum angle) is known as the 
contact angle hysteresis25 .The two main causes of this hysteresis are surface roughness26 
and surface heterogeneity27, hence contact angle measurements can also be a 
measurement of the roughness or heterogeneity of a materials solid surface. 
Contact angle hysteresis has been shown to be strongly dependant on the 
molecular size of the liquid, and the time that it is in contact with the solid polymer, 
suggesting that liquid sorption28 and liquid retention may also contribute. 
Contact Angle -Interpretations 
In an attempt to fInd the surface free energy of solids, Zisman et al 29 proposed 
the quantity of the critical surface tension of wetting Yc, which is calculated from contact 
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angles by use of a homologous series of liquids on a solid. A linear relationship was 
derived as shown in equation 2.21. 
Eqn. 2.21 
where b is a constant, and Ye the critical surface tension of wetting. 
However, as the homologous series of liquids differs, so does Ye, so that ye may 
not be equated to Ys , the surface free energy of the solid polymer used. Nevertheless, it 
can be used as a threshold value for the spontaneous spreading by liquids with a surface 
tension below Yc, and hence as an empirical parameter the critical surface of wetting is of 
some value. 
This work was expanded upon by Good and Girafalc030 by the introduction of CP, 
the interaction parameter. With <1), the interfacial free energy between two phases can be 
evaluated in accordance with equation 2.22. 
( )"2 YSL = Ys + YL-2 <1> LV YSYL Eqn.2.22 
The interaction factor can be established from the molecular properties of both 
phases31 involved. 
It was suggested by Fowkes32 that the various forces acting could be treated 
independently. 
For solid surfaces such as those of polymers, polar interactions and dispersion 
interactions can both be present. The most used method for estimating surface free energy 
is based on Fowkes' theory of fractional polarity and can be expressed as shown in 
equation 2.23. 
Eqn.2.23 
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where the surface free energy of the solid, is made up of the polar component of the 
surface energy, 'I , the dispersion component of the surface energy l , and the hydrogen 
bonding component of the surface energy, l. Often, l and f are grouped into one term, 
If the surface of the polymer does not have polar character, then only dispersion 
forces operate. In this case, the interfacial tension can be calculated by the use of 
equation 2.24, using a geometric mean approximation for dispersion force interactions. 
( d d)1 /2 YSL = Ys + YL-2 Ys YL Eqn.2.24 
Owens and Wende3 employed the theory of fractional polarity and suggested that 
it is possible to estimate polar interactions, including those of hydrogen bonds by the use 
of a geometric mean. This leads to a more comprehensive relationship between the 
interfacial free energy and it's component according to equation 2.25 . 
( p p)1/2 ( d d)1 /2 YSL = YS+YL-2YSYL - 2 ysYL Eqn.2.25 
This means that if the contact angles are measured for two or more liquids where 
y/ and y! are known, y/ and y! can be found. 
It has been suggested that the geometric mean in equation 2.25 can be replaced by 
other means, such as the arithmetic (y/ + y/ )/2 , the quadratic {[( y/i + (y/)2 ]) 112 ,or 
the harmonic 2 y/ y/ / (y/ + y/) 34, means. However, in practice, the only mean 
approximation to average interactions over an interface is the harmonic mean, an 
approach used in the main by WU35 . 
Recently, a method for the estimation of the surface free energy of a polymer has 
been proposed that uses a group contribution method, rather than wetting 
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measurements36. However, this method cannot be used for surface modified polymers 
where the exact quantity and identity of functional groups at the surface is unknown. 
The modern thermodynamic approach to the determination of W AD. 37 
The strength of a hydrogen bond is due to the small size of a hydrogen atom, 
which allows it a close approach to the site which contains the negative charge, and the 
closest distance of approach. This means that there is negligible or no contribution which 
is covalent in character to the bond. Water molecules orient at an interface. Interfaces, 
especially those involving water and a non-polar substrate, will have an entropic 
component. This is not properly allowed for in the acid-base approach. This approach has 
lead to the description of the work of adhesion thermodynamically, meaning that it has 
contributions to it which are both enthalpic and entropic. This is expressed in equation 
2.26. 
W AD = H AD - TS AD Eqn.2.26 
where W AD is the work of adhesion, H AD the enthalpic contribution to the work of 
adhesion, T the absolute temperature, and SAD the entropic contribution to the work of 
adhesion. WAD can be measured experimentally via contact angle measurements at a range 
of temperatures (through the use of the Young - Dupre equation (equation 2.20)), and 
then S AD is estimated by equation 2.27. 
Eqn.2.27 
Subsequently, S AD can then be put back into equation 2.26 to evaluate W AD 
exactly. This is the current technique for evaluating these forces at the polymer-liquid 
65 
Phi lip E. Pearson Ph.D. Thesis Chapter 2 
interface, and it correlates well with theories governing hydrophobic effects, dispersion 
forces , and other such understood characteristics of solid-liquid systems. 
Exp erimental contact angle measurements 
Measurements made of contact angles of water on solid surfaces referred to in this 
report were conducted on an in-house built optical bench set-up, shown in figure 2.22. 
Computer 
Light Source 
Chiller Temperature Control 
Sample Chamber 
Optical Bench 
Viewing Portal 
Fig. 2.24 Contact angle instrumentation 
Camera 
Figure 2.24 shows the optical bench set-up of the contact angle apparatus. The 
light source provides illumination of the surface. The sample is placed into the sample 
chamber via the viewing portal, and the droplet introduced to the surface from the above 
syringe. The digital camera can then record the image of the droplet interacting with the 
sample surface. 
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Advancing and receding contact angles made by distilled water on the surface 
studied were photographed with a digital camera (Olympus model C 2000 Z). Up to four 
drops could be measured on each studied surface. 
The photographs were then downloaded from the camera into the computer 
program 'contact angle 1.0.2' , and the software determined and curve fitted the drop 
profiles, accurately calculating the contact angle of the water with the surface. This 
software uses the last approximately 50 data points of the picture and fits a quadratic 
curve to them, rather than a linear curve. This is a novel concept, as the linear curve 
approach is almost exclusively used in industry. This novel approach greatly increases 
the accuracy of the resolved angle, shown in figure 2.25 , which is a representation of the 
left-hand edge of the liquid/solid interface, with the data points representing the edge of 
the drop as found by the computer software. Two curves (one linear, one quadratic) are 
shown. The quadratic curve generally represents a better fit of the data points where the 
drop meets the surface. 
Fig.2 .25 Two curves on a drop in contact angle software 
Figure 2.25 shows a typical drop after treatment in contact angle 1.0.2, the data 
points more closely follow the red, quadratic curve, as opposed to the blue, linear curve. 
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A more accurate contact angle can calculated with the quadratic fit, which is based upon 
the droplet's curvature, as the software marks the difference between the droplet and the 
bright background in the sample photograph. The curve is an approximation to the real 
shape of the droplet, and whilst it isn't a perfect fit for all of the data points, in the 
example shown in figure 2.25, there is a 20° discrepancy between the angles calculated 
with the different curves at the very edge of the droplet, highlighting the difference 
between the novel and standard techniques. This discrepancy is typical of the droplets 
studied in this thesis, so the approximation quadratic fitting the of the data points 
produced by the software is generally considerably more accurate than a linear fit (or 
indeed, studying the angle with the human eye), so this approach is used throughout the 
samples studied here. 
Figures 2.26 and 2.27 show typical photographs of a drop on a surface, as the 
liquid advances and recedes across the surface. 
Figs. 2.26 and 2.27 A typical drop advancing and receding across a poly(PFP) surface grown 
upon a gold coated glass slide 
2.9 Neutron Reflectivity 
The neutron is a fundamental, uncharged particle, the existence of which was 
predicted as early as the 1920 's by Rutherford in his Bakerian lecuture38 when he 
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suggested the existence of a fundamental particle with a mass almost equal to that of a 
proton, but without charge. The discovery of the neutron in 1932 by Chadwick39 along 
with subsequent work by Mitchell and Powers40 that showed diffraction to be possible 
with neutrons and work by Halpem and Johnson41 showing neutrons could be scattered 
by magnetic materials has lead to the eventual large-scale production of neutron beams, 
allowing chemists to study systems in great depth using neutrons. 
Neutron beams are produced from nuclear reactors, electron accelerator sources 
or through the use of a spallation source. 
A spallation source consists of a beam of high energy protons (typically 500-800 
Me V) that impinges on a target consisting of a heavy element such as tungsten, 
'chipping' or 'splintering' neutrons from the target at the rate of approximately 30 
neutrons per proton. In this method, the short, intense bursts of high energy protons, 
produce pulses of fast, high energy neutrons. These pulses of neutrons are better if 'high 
energy' (around 4xlQI6 ne S-I where ne is a fast neutron. A fast neutron has a kinetic 
energy level close to 1 MeV, hence a speed of 14,000 kms-I. They are named fast to 
distinguish them from lower-energy thermal neutrons, and high-energy neutrons 
produced in cosmic showers or accelerators.) neutrons are required, and there is a lower 
background and higher resolution possible compared to reactor sources between pulses, 
however an advantage of neutron beams from nuclear reactors is that a more constant 
flux of neutrons is produced than the pulsed neutrons from a spallation source. Also, the 
constant flux from a reactor produce fewer 'very fast' neutrons that can cause shielding 
problems. 
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Neutrons in a beam produced by fission in a nuclear reactor can be studied in a 
time of flight (TOF) manner. In TOF, two choppers are positioned in the beam before it 
reaches the sample (figure 19). These choppers rotate such that a small, cut-out, area can 
be exposed to the beam for a known length of time as the choppers rotate. The two 
choppers can be positioned and rotated such that the area of the cut-out portion and the 
time of beam exposure can be controlled. Because the distance from the chopper to 
sample is known, as is the time taken for the neutrons to travel from the choppers to the 
sample, the velocity of the neutrons can be calculated. As the mass of the neutron is 
known (1.67xl0-27 kg), the momentum and hence wavelength of the neutrons impinging 
of the sample can be calculated. 
A neutron has a velocity related to it's energy or wavelength via de Broglie's 
equation42, equation 2.27. 
)"=hlmv Eqn.2.27 
where h is Plank's constant, v velocity, m mass and A wavelength. 
Consider a simple crystal lattice structure with a neutron beam impinging on it 
and neutrons being scattered by the layers of the lattice, such as in figure 2.28. Scattering 
is considered to be elastic in this example. 
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• D 
" 
... 
Crystal Layers d 
Neutron Beam 
Fig.2.28 An example of elastic neutron scattering 
The beam of neutrons is represented by a wave front impinging on the lattice and 
being scattered. The scattered wave from each nucleus in the lattice spreads out 
isotropically in all directions. The wave scattered at points Band E of the lattice both 
travel to the detector, but they have travelled different distances, B by an extra distance 
described in equation 2.28. 
2d sine () / 2) Eqn.2.28 
When collected by the detector, the two wave-fronts will only be in phase with 
each other if the extra distance travelled is a whole number of wavelengths. Figure 2.29 
shows waves that, for instance, arrive at the detector in phase, constructively interfering 
and amplifying detector response, and two waves arriving one-half out of phase, 
. destructively interfering, destroying signal. 
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... 
Fig.2.29 Constructive and destructive wave interference 
For constructive interference, equation 2.28, Bragg's law, is true 
nl = 2d sine () / 2) Eqn.2.28 
where n is an integer. 
In this simple example, a relationship between the properties of the sample and 
the scattered neutron wave arriving at the detector has been established, in this case the 
relationship is simply the distance between the layers of the crystal lattice structure. 
Figure 2.30 shows the same scattering as in the previous example, drawn in 
neutron wave vectors. 
Fig.2.30 Scattering of neutrons in wave vectors 
In figure 2.30, ki is the initial wave vector and krthe fmal wave vector, and q the 
change, or scattering vector, and q = kf - kj • Equation 2.21 can now be expressed as in 
equation 2.29. 
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2ITI q = din 
And the magnitude of q can be expressed as in equation 2.30. 
q = 4II1 Axsin(BI2) 
Chapter 2 
Eqn.2.29 
Eqn.2.30 
All expressions relating the neutron scattering event to the specific properties of 
the sample in real space are expressed in terms of the momentum transfer, q. 
The Neutron Reflectivity Technique 
There are many investigative techniques that can be applied with scattered 
neutrons. These include Small Angle Neutron Scattering (SANS)43 spectroscopy 
(structural dynamics), small angle neutron diffraction44 and neutron reflection45 (surface 
topography). The measurements taken in this report used the technique of neutron 
reflection spectroscopy, as described below. Neutron reflection spectroscopy (NR) is of 
particular importance to polymer samples such as those in scheme 1.1, as the technique 
can be used to explore the variation of composition normal to the surface reflecting the 
neutrons. Samples used in this technique usually need to be flat and thin, so the 
polymerised thin films described in this'thesis are ideal. 
Figure 2.31 shows a schematic diagram of the apparatus used for NR. 
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Fig.2.31 Schematic diagram of NR instrumentation 
The occurrence of critical reflection of neutrons was flrst demonstrated by Fermi 
and coworkers37• Neutron reflectivity involves a monochromatedlcollimated beam of 
neutrons (wavelength A, incident angle B) impinging onto an interface, and the reflected 
intensity, R, of the beam is measured as a function of the momentum transfer, q, deflned 
in equation 2.31 Another important quantity in NR is the refractive index of the neutron, 
in this instance, the neutrons behave in a similar way to electromagnetic radiation, such 
as light. 
Eqn.2.31 
In equation 2.31, Po and pa are the scattering length density and absorption cross 
section density respectively. At the critical angle, reflected intensity does not disappear 
immediately, but disappear over the range of a scattering angle, B. 
Measured reflectivity R(q) is dependant on the neutron refractive index profIle 
perpendicular to the interface. A plot of intensity versus q yields a graph showing a series 
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of peaks that correspond to Bragg reflections of differing orders. This is caused by 
interference between different layers of the sample and the multi-layer - substrate 
distance as that shown in the above example. The refractive index should change between 
layers in the measured sample as the quantities are changed in equation 2.31. This shows 
how neutron reflectivity can be used, in this case, to probe initially the structure of a 
sample beneath the surface, and secondly the depth of a reaction carried out on the 
sample. 
Snell's law and the Fresnel equations for the reflection of light with the E vector 
perpendicular to the plain of incidence, apply to neutrons. The reflected and transmitted 
intensities from neutrons incident on an interface can therefore be calculated. Numerical 
softWare packages such as PARA T can then be used to sum the reflected intensity from 
each interface giving the overall reflectivity of the sample, showing the results as a 
reflectivity profile. In this case, the reflectivity curve is simulated for a chosen density 
profile. 
R is defined as the reflected neutron intensity divided by the incident neutron 
intensity. For Bless than the critical angle, R is unity as the neutrons are totally reflected, 
however for the, interface between two bulk media, Frensell calculated R as described 
below. 
At a sharp boundary between two media, if the only variation in potential or 
scattering length is in the z-direction, only the perpendicular component of the wave, 'l'(z) 
need be considered. In this case, equation 2.32 is true. 
If/(Z) = exp(ikzsinB) Eqn.2.32 
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The wave must be continuous and smoothly varying across the interface, which 
requires that both IJI{z) and dlf/ (z)/dz are equal for components on either side of the 
interface. Intensity, T, of the transmitted wave is defined in the same way as R, R + T= 1. 
The total amplitude of the perpendicular component in a medium 0 is then the sum of the 
incident and reflected waves, as defined in equation 2.33. 
tp(z) = exp(iko sin ooz) + R"2 exp(-iko sinOoz) Eqn.2.33 
And of the perpendicular component of the wave in medium 1 is shown in 
equation 2.34. 
Eqn.2.34 
Equating the values for 'I/(z) and those for dlJl{z}/dz for the transmitted and 
reflected components at the boundary and solving for R gives equation 2.35. 
2 
R = ko sin 00 - k, sin 0, 
ko sin 00 + k, sin 0, 
Eqn.2.35 
Now since k =2:d A, = m v / h we have kolkJ = volvJ = VO/VJ so that an alternate form 
ofR is as shown in equation 2.36. 
R = Vo sin 00 - v, sin 0, 
Vo sin 00 + v, sin 0, 
2 
Eqn.2.36 
R can be shown as a function of q in a reflectivity curve, such as the sample 
curves shown in figure 2.32. The sample curves in figure 2.32 show samples of varying 
complexity. From sample curve 1 through to curve 3, the sample is becoming more 
complex as greater variance in layers is shown. These layers are shown in the graphs by 
Bragg reflections as the curve moves away from the critical angle. 
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Figure 2.32 Some sample reflectivity cu~s 
Figure 2.32 shows the calculated reflectivity profiles of some simple systems. The 
critical angle is related to the neutron refractive index by cos f)critical = n SlIbstrate . 
For a single layer on a substrate, interference peaks can be seen. The width of 
these peaks is related to the film thickness (d) as in equation 2,37. 
(width in q) x d = 27r Eqn. 2.37 
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Roughness between film and substrate decreases the peak heights as q increases. 
This makes neutron reflectivity a useful technique for studying interface roughness and 
diffusion between layers. 
As r is proportional to 1/q4, a plot of rq4 against q reveal a plot where the 
reflectivity curve is plotted along a horizontal background instead of an exponentially 
decaying one as seen in a nonnal reflectivity curves. These plots mean that reflectivity 
curves can be overlayed and the magnitude in peaks more easily compared. 
NR experiments in this report were carried out at the ILL in Grenoble, France. 
The cell created to carry out these experiments is shown in figure 2.33 . 
A1J Elcdrode 
Quartz QysIaJ 
pt Gauze Counter EJectrode 
Glass 
Fig.2 .33 Schematic diagram of the neutron cell 
78 
Philip E. Pearson Ph.D. Thesis Chapter 2 
2.10 Derivatisation Reaction 
Three methods of derivatisation were used to derivatise acidic groups on polymer 
chains. Two methods caused derivatisation in the vapour phase, one under vaccum, one 
using N2 as a carrier gas, and one solution-based method. 
Derivatisation· of acidic samples to fluorinated esters is a useful but common 
technique47 used to alter surfaces and as an aid to characterisation. Scheme 2.3 is a 
representation of the derivatisation process. 
4 EQUiVO 
N 
9 Equiv 
RC-;:::::'O 
"'-O-C-CF H 3 
. 2 
Scheme 2.3 Derivatisation process 
Vacuum assisted Vapour-phase Derivatisation 
The fIrst method for this process has been successfully carried out in the 
literature48, and was carried out in a glass purpose built vacuum rig, shown in fIgure 2.34. 
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Fig. 2.34 Vacuum derivatisation apparatus 
The derivatising agent used in the apparatus shown in figure 2.31 was made in the 
below proportions by volume. 
Trifluoroethanol (TFE) : Pyridine : Di-tert-buty1carbodiimide 
9 4 3 
The derivatising agent was frozen using liquid nitrogen, and the air in the flasks 
removed by pumping. The flask was then thawed, and the process repeated until all air 
had been removed. Samples were then placed in specifically made sample tubes and 
pumped down to approximately 10-5 TOff. The samples were then exposed to the 
derivatising agent for 6 hours. Subsequently, the flask containing the derivatisation 
mixture was immersed in liquid nitrogen so that gaseous derivatising agent could 
condense into the flask for 6 hours. After this time, the tap above the flask was closed, 
and the samples left to pump down overnight. 
80 
Philip E. Pearson Ph.D. Thesis 
N2 Carrier gas Vapour-phase Derivatisation 
Glass Hook --------1 
Nitrogen Out ---- ==~ 
Glass Hook -----+"" 
Derivatisation Apparatus 
Sample 
rr,;== --- Nitrogen In c:l==~ 
Derivatisation Mixture Cold Trap 
Fig. 2.35 N2 carrier gas vapour-phase derivatisation apparatus 
Chapter 2 
Figure 2.35 shows the apparatus for the second method for the vapour phase 
derivatisation of samples of the acid. Nitrogen was passed through glass wool49 in a 
liquid N2 cooled trap to remove moisture that could hydrolyse the carbodimmide 
activatited surface. The dry nitrogen passed over the surface of the derivatisation mixture 
consisting of (as in the vacuum-assisted vapour phase derivatisation process), 
Trifluoroethanol (TFE) :Pyridine : Di-tert-butylcarbodimmide 9 : 4 : 3 for 6 hours. After 
the samples were derivatised, the derivatisation mixture was removed, and dry nitrogen 
allowed to pass over the samples overnight. 
Solution-phase Derivatisation 
To compare a solution-based method of derivatisation to vapour-phase 
methodologies, a route for a solution based derivatisation reaction was formulated. This 
solution derivatisation is shown in scheme 2.4. 
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Scheme 2.4 Solution phase derivatisation of acid films 
Chapter 2 
n 
The polymer film, still attached to gold substrate, was immersed into the same 
reaction mixture as used in the vapour phase reactions for 8 hours, and then dried under 
vacuum to remove any un-reacted TFE overnight. It is supposed that the reaction 
proceeded as under the vapour-phase conditions, via the same intermediate step. 
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Chapter 3 - Photo-Induced Grafting of Polymers to PE 
Substrates 
3.1 Grafting Context 
This Chapter describes the development of experimental methodologies for the 
surface characterisation and modification of polymers. The photografting of polymers to 
surfaces is a well known method of chemically altering surfaces 1, adding desirable 
functional groups or morphologies to a polymer surface. Poly(ethylene) (PE) films have 
long been used in the literature as an ideal surface for the attachment of polymers in this 
manner. The grafting of acrylic acid (AA) to this surface was used as a model system 
because the methodology of grafting similar polymers was well documented, and the 
system was relatively easy to handle and optimise. By grafting polymers to surfaces, 
subsequently the new surfaces can then be altered in ways that are also applicable to the 
pyrrole based conducting polymers in scheme 1.1. Experience of using these methods of 
alteration and characterisation on well understood systems meant they could be optimised 
before moving onto novel, conducting polymer surfaces. 
Polymers have frequently been modified by graft polymerisation in order to 
change their chemical or physical properties for applications including biomaterials2, 
membranes3 and adhesives4• The desirable function of grafting techniques is to modify 
the surface of the same polymer to have distinctive properties through the choice of 
different monomers available. The advantage of surface photografting over techniques 
such as ionizing radiation grafting is that modification to polymers produced via 
photgrafting is restricted largely to the surface leaving the bulk properties of the polymer 
unchanged, whereas ionizing radiation grafting can permeate deeper into the polymers. 
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Photo grafting can be used to produce surfaces with improved or altered adhesion6, 
printablility7, electrostaticisitys antistatic properties9, antifogging10, antistainingll , 
wearability12, biocompatibility13 and dyeability14. 
Photografting of Polyers to Surfaces 
In recent times, the modification of polymer surfaces has become an important 
area of research15. Among the methods that have been studied to date, surface grafting 
has emerged as one of the most simple, versatile, and useful techniques available of 
modifying the surface properties of a polymer. 
Grafting has advantages over other physical (e.g. surface segregation16, radiation 
with electromagnetic waves 17, oxidation with gasses1S, blending19) and chemical (e.g. 
wet-treatment20, coating21) methods of surface modification due to the ease and control 
with which grafted chains can be introduced to specific sites on the surface, whilst 
leaving the bulk properties of the polymer unchanged. 
The two main methods of photo grafting are in the vapour-phase and in solution. 
Grafting in the vapour phase is conducted in an inert atmosphere, with monomer(s) in the 
vapour phase, in the presence of a polymer substrate22. Grafting requires initiation by 
surface-active species, an initiato?2. Initiating the polymerisation can be achieved in 
several ways, including ultra-violet (UV) or "{-ray irradiation, microwave, plasma and 
ozone oxidation23 . The concentration of monomer in the vapour phase is determined by 
the vapour pressure of the monomer at the reaction temperature23. Both the carrier gas 
used for vapour-phase polymerisation and the type of polymer grafted affect the quantity 
and the control of grafting possible. The most wide-spread carrier gas is nitrogen24,25 , 
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however hydrogen is more efficient for the grafting of halogenated polymers, due to the 
formation of a hydrogen-halogen species in an intermediate step in the grafting 
procedure, that can be removed, leaving radical grafting sites26• 
In solution grafting, a solution containing the monomer is in constant contact with 
the polymer substrate. A solution of monomer, polymer, initiator and solvent is used27 • 
This method is less controlled and more time-consuming than vapour phase grafting. 
Species such as benzophenone (BP), various BP derivatives, and acetone28 are often used 
in photografting, as these molecules readily decompose on DV radiation, creating radical 
species able to remove surface groups, providing grafting sites. UV irr~diation can be 
carried out before or during the grafting process 
The intention of the work discussed in this Chapter was to optimise and refme a 
technique for the photo-initiated photo-grafting ofmonomer(s) to a PE surface. Upon the 
optimization (maximum possible concentration of polymer grafted to the surface) of this 
process, this research could be continued such that calcium carbonate (CaC03) could be 
incorporated into the grafted chains, in order to develop biomimmetic systems. 
Biomimmetic systems are defmed as physical systems that incorporate biological 
elements such that they interact with the biology around them in some way. For instance, 
photografting polymers to surfaces incorporating CaC03 could eventually be used in the 
restoration of CaC03 based statues. Large (on a laboratory scale) weathered areas could 
have these polymer chains that incorporate CaC03 grafted on, or replacement parts for 
statues could be made on an industrial scale29• Polymers are increasingly being used for 
biommetic processes, from mimicking skin properties to cell properties to statue 
restoration. Mimicking natural processes with synthetic materials is desirable because 
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evolutionary pressure typically forces natural systems to become highly optimized and 
efficient. Increasingly large proportions of industrial science are becoming dedicated to 
this area of research. Although the system discussed in this Chapter is a model system 
based upon photo grafting, conducting polymers also have been used to create 
biomimmetic systems. Biosensors using conducting polymers have been used to mimic 
nature, electronic noses are an example of this field. 
Photo grafting has already been shown by Ranby30 amongst others as a technique 
that is suitable for large-scale industrial application. Zhang and Randby created a 
continuos photografting system capable of feeding a polymer film into a chamber 
containing initiator and monome~l, allowing controlled continuous photo grafting. 
3.2 The Photo grafting Experiment 
Figure 3.1 shows a schematic diagram of the photo grafting experiment, using BP 
as a photo-initiator. 
J 1 1 III J 1 III 1 
U.V. Radiation 
Benzophenone UV Proton Abstraction 
RI RI RI ,-. flJ flJ....... -i flJ 
...... C." "'C..... C... Grafted Polymer 
11 • 11 • I /' 
o 9 ~ Monomer H;b R 
~ H H ""'CH 
H ~ H C-;::,CR HC""'C R 
I i H / H 
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Fig. 3.1 Schematic diagram of the grafting process 
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Figure 3.2 shows a lablonski diagram of how BP reacts when it interacts with an 
ultra-violet (UV) photon. Upon absorbing UV radiation, BP is excited into a singlet state 
of short lifetime (S2) and rapidly relaxes to a triplet state (T D via intersystem crossing. 
The triplet state can abstract a hydrogen atom from the polymer substrate, creating an 
active site for grafting to occur. 
Fig. 3.2 Jablonski diagram of BP showing two singlet states (51 and 52), two triplet states (T1 
and T2), fluorescence (F) and phosphorescence (P) 
Vapour-phase UV-irradiation was chosen as the photo grafting initiation method 
here due to its ease, and the recent advancement of robust, controlled, 'living' 
polymerisation techniques32• 
It was intended to refme and optimise a grafting method suitable for grafting 
various polymers to a PE film substrate. The grafted surface was then characterised with 
relevant techniques, such as contact angle measurement, IR spectroscopy and XPS. Due 
to the good understanding of this area already available in the literature, a suitable 
method for photo grafting was identified and modified for this purpose. The first 
experiments undertaken were to distinguish which of two methods of grafting presented 
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in the literature32 would best suit the initiator and monomers used here. These methods 
were a sequential method, and a simultaneous method of grafting. 
Sequential Grafting 
In the sequential method of grafting, the PE film is first treated for the removal of 
additives (as discussed in Chapter 2, page 27), then pre-soaked in BP initiator in a xylene 
solvent, dried, then subsequently exposed to V.V. radiation. In this way, a radical grafting 
site at the surface is produced. Then, the desired polymerisation is achieved via 
irradiation of the monomer in a propanol solvent in a second, sequential, step. This 
process is shown in figure 3.3. 
u.v. 
Step 1 
< > 11 ~ > o 
BP 
Substrate Membrane 
u.v. Step 2 
Fig. 3.3 Schematic diagram of the sequential grafting process 
Simultaneous Grafting 
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The simultaneous method of grafting requires irradiation of a xylene solution 
containing both the BP initiator and the monomer to be grafted. In this method, both 
creation of the grafting site and grafting occur in a one-pot 'simultaneous' reaction. 
3.3 Choice of Grafting Method 
The two methods of grafting described above were both carried out as described 
in the literature under normal laboratory conditions. The results of these experiments 
showed evidence of ~rafting from both the sequential and simultaneous methods. The 
initial characterisation method used on the films was to take contact angle data of water 
droplets upon the surfaces. Contact angles are used to test surface tension and wettability, 
and the advancing angle of water upon these surfaces before and after the grafting 
experiments gives a measure of any change in the hydrophilicity of the surfaces. An 
increase in hydrophilicity would be expected if hydrophilic acid chains had been grafted 
to a surface. 
The contact angle data table 3.1 shows the results of these experiments when 
acrylic acid (AA) was the polymer grafted to the surface. The use of BP as a photo-
initiator and removing inhibitors from the monomer had a clear, positive effect on the 
amount of grafting suggested by the contact angle data. Evidence for grafting is seen as 
the advancing contact angle data becoming less under these conditions, which would be 
consistent with the theory of grafting. The water droplet wets onto the acidic ends of the 
grafted chains as it interacts with the polymer. The blank (unmodified) PE surface shows 
an advancing contact angle close to the theoretical value33 of PE, proving the experiments 
in which grafting was expected to occur altered the PE surface to an extent. 
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Sequential Method Simultaneous Method 
, 
Mean Mean 5.0. 5.0. Mean 5.0. 5.0. 
adv. rec. adv. rec. Mean adv. rec. adv. rec. 
angle angle angle angle angle angle angle angle 
Blank PE 105 78 5 5 105 78 5 5 
Inhibited AA 89 49 4 7 89 45 4 6 
NoBP 92 53 6 11 102 78 5 7 
Uninhibited AA 
and with BP 83 41 6 20 97 57 5 9 
Table 3.1 Contact angle data of literature grafting methods 
Despite the seemingly superior (i.e. lower advancing contact angle with 
uninhibited AA and with BP) results gained from the sequential method of grafting, the 
high standard deviation of results indicated a larger variation in results than the 
simultaneous method, so it was decided that the simultaneous method would be the basis 
for the optimisation of the grafting process, as a greater control in producing a surface of 
uniform characteristics could be expected. The differences in contact angle when the AA 
was left inhibited or no BP was used to initate the reaction show a significantly lower 
change in angle than the uninhibited AA and where BP is used. This shows that both 
steps are important to the quantity of grafting achieved. 
From this starting point, other methods found in the literature27,30 and the in-house 
equipment that was built were used to refine the method to the needs of the project, and 
improve the efficiency and quantity of grafting of AA chains to PE surfaces. Experiments 
were carried out to optimise each variable in the process, such as irradiation time and 
BP/monomer concentration to derive the maximum quantity of grafting, and eventually 
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this process resulted in the fmal robust method detailed in the experimental section 
(Chapter 2, page 28). These data are summarised in table 3.2. 
Mean BP Mean 
Irradiation Adv. Cone. Adv. Monomer 
time Cm ins) Angle CM) Angle Cone. CM) Mean Adv. Angle 
0 105 0.5 76 0.1 78 
1 91 1 64 0.2 70 
3 75 1.5 66 0.3 71 
5 69 2 67 0.4 69 
7 71 
9 68 
Table 3.2 Optimisation of grafting experimental conditions Red data - irradiation time varied , blue 
data - BC concentration varied , black data - mono mer concentration varied 
Table 3.2 shows the advancing contact angles of droplets on surfaces that have 
had experimental conditions varied. First (red data), irradiation time was varied, and it 
was found that after 5 minutes, the contact angle had stopped falling with increased 
irradiation. Concentrations of BP (blue data) and AA (black data) of 1 M and 0.2 M were 
found to be the optimised conditions for these respective variables. The lower contact 
angles suggest the greatest amount of grafting because the hydrophobic PE surface is 
made more hydrophilic with the addition of AA chains. 
3.4 Characterisation of Grafted Surfaces 
Methods used to support that grafting of AA chains to PE films had occurred, and 
used in the characterisation of these surfaces, were contact angle measurements and IR 
spectroscopy of both grafted films, and those altered using vapour phase derivatisation. 
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Contact angle measurements 
Contact angle measurements were taken of water droplets on treated PE surfaces. 
The results compared to 'blank' PE film (i.e. film with additives removed only) are 
shown in table 3.3. 
Mean adv. Standard Mean receding Standard 
contact angle deviation contact angle deviation 
Blank PE 
film 105 5 78 5 
Grafted 
samples 69 7 N/A N/A 
Table 3.3 Grafting contact angle results 
The mean angle shown in tables 3.2 and 3.3 were calculated from testing 4 drops 
on each of 5 PE films, so 20 drops in total were used. 
Table 3.3 shows the mean advancing contact angle for the treated film is 
approximately 35° less than that of the 'blank' PE film. This is supporting evidence for 
grafting having been achieved, as the acidic chains of the grafted polymers should be 
making the surface more hydrophilic. This would mean that as the water droplet advances 
across the surface, it interacts with the acid chains and wets to a greater degree to the 
surface than to the surface of the 'blank' film. There is no contact angle data shown for 
the receding angle of the treated film. This can be explained by grafting having occurred. 
From Young's equation (equation 2.11), the advancing and receding contact angle should 
be the same. Due to the difference in these values, the surface must have changed as the 
water drop advanced across it. The energies of the liquid/surface interface cannot change, 
so the energy of the surface must have changed. The water has interacted with the acidic 
chains, possibly even interactions as strong as hydrogen bonds are present. This would 
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mean as the drop recedes across the surface, the attraction between acidic groups and 
surface is such that the drop would not recede across the surface, rather grip. This is what 
is observed, and is more grafting evidence. Figure 3.4 shows a schematic diagram of the 
water droplet advancing and receding across a PE film with AA chains grafted to the 
surface. 
a) The drop advances across the polymer film surface, and the acidic polymer chains 
interact with the water. 
b) The chains extend in the water, forming interactions possibly as strong as hydrogen 
bonds 
c) As the drop is removed from the surface, the acidic chains grip to the water molecules, 
not allowing the base of the droplet to recede across the surface 
Fig. 3.4 Grafted chain behaviour and interaction with the water droplet 
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Infra-Red Spectroscopy 
Both blank and treated PE fi lms were studied usmg ATR IR spectroscopy. 
Figures 3.5 and 3.6 show sample IRs. 
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Fig.3.6 Reacted PE film 
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Features shared by figures 3.5 and 3.6 are the PE peaks characteristic to the 
stretches and bends in the PE film. Peaks at 2400-2500cm-1 and 700-750cm-1 are the (C-
H) stretches of the PE, and the (C=C) stretch at 1400-1500cm-1• However, the reacted 
film in figure 3.6 also has a stretch in the region of 1650-1700 cm-1 that is not evident in 
the blank PE spectrum (figure 3.5). This stretch is characteristic of (C=O) bonds, showing 
evidence of acid groups on the surface, thus showing further evidence suggesting grafting 
has occurred on the treated film. 
The area under the (C=O) peak of a sample spectrum was calculated and 
compared to that of a characteristic PE peak. This showed an approximate ratio of (C=O) 
: PE of 1 :6. This data shows substantial and easily detectable grafting. 
3.5 Derivatised Films 
Treated PE films were subjected to the vapour-phase derivatisation reaction as 
discussed in Chapter 2 (page 79). This process was designed to carry out an esterification 
reaction of the acidic groups on the end of the polymerised chains using TFE molecules, 
creating a new surface that when characterised shows signs of the new ester formed, thus 
evidence of grafting on the film. 
These reacted films were tested via A TR IR spectroscopy and had contact angle 
measurements taken on them in the same way as the treated films . 
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Contact angle data 
Table 3.4 shows the contact angle data taken from the derivatised films. 
Mean adv. contact Standard Mean rec. Standard 
angle deviation contact angle deviation 
Blank PE film 105 4 77 5 
Grafted 
samples 69 7 N/A N/A 
Derivatised 
film 78 9 N/A N/A 
Table 3.4 Oerivatised PE contact angle data 
Table 3.4 shows the derivatised film's mean advancing angle is approximately 9° 
greater than those of the water with the grafted film. This suggests the surface of the 
derivatised film was more hydrophobic than that of the acid treated films, suggesting 
there are less acidic groups at the surface to interact with the water droplet. This is due to 
the esterification reaction of the TFE in the vapour-phase with the acid groups. There is 
still no receding angle on these films . This suggests that not all of the acid groups react in 
the vapour-phase reaction, so some remain to hydrogen-bond to the water droplet and 
hold onto it as the drop attempts to recede. These data suggest that some of the acid 
groups react in the vapour phase, and it also suggests that grafting has occurred. Blank 
films were also treated in the vapour phase reaction along with the grafted ones as 
control, however the contact angle data had negligible difference to the initial blank PE 
film data. 
JR Spectra 
A sample AIR IR spectrum of a vapour phase treated film is shown in figure 3.7. 
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Fig.3.7 Derivatised PE film spectrum 
Figure 3.7 has been modified. First, the spectrum of a PE film before any reaction 
was subtracted. This is so any peaks that are characteristic of reactions carried out on the 
film become more obvious and can be studied more closely, however residual PE peaks 
remain, due to the difference in sample PE films used in this sample and the blank. 
Subsequent to this subtraction, the spectrum was smoothed to reduce noise. The peak at 
approximately 1700 cm-1 is that peak representative of C=O groups present in a 
carboxylic acid chain, rather than a derivatised ester. This supports other evidence for 
some un-reacted acid groups at the surface still being present. The area under the peak 
was measured and compared to the area under another peak to compare the ratios of 
groups shown in the spectrum. The peak at approximately 650 cm-I is characteristic of 
that of a D(C-F) stretch. This shows that some of the acidic groups reacted with the TFE 
in the vapour-phase, creating the CH2CF3 ester. The ratio was found to be approximately 
2:3, so approximately 66% of the grafted AA chains had been shown to have been 
successfully derivatised. 
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All of this evidence shows that a robust, method maximised under the conditions 
available (such as whether to un-inhibit monomers, choice of grafting methodology, 
whether to use an inhibitor, concentrations of BP/AA, etc.) had been found for the 
grafting of AA onto PE surfaces. Further tweaking and maximisation of the technique 
could be achieved, but as this technique could, in future work, be expanded onto an 
industrial scale, these conditions may need varying on a scale greater than the work 
shown here. Unforeseen issues may be created when applying this technique to a 
continuous large area of PE film, or to other substrates. So, the method was shown to be 
optimal for this system on this scale as a starting point for the characterisation and 
derivatisation techniques to be used upon conducting polymer films. 
Subsequently, this method was used to graft a maleic anhydride-styrene co-
polymer onto PE film, in order to show that different polymers could be grafted to the 
same surface to give subtly different surface properties. The methodology has to be 
tweaked for each different system, and knowledge of more than one grafted system 
served as a good foundation upon attempting to characterise novel conducting polymer 
systems. 
3.6 Maleic Anhydride-Styrene Co-Polymerisation 
The method for grafting this copolymer was modified slightly after 
experimentally optimising conditions such as temperature of reaction and washing 
mechanism, both of which have different optimum levels to the AA system. 
The PE film was pre-soaked in BP solution (0.2M, 2hours), dried, then put into 
the reaction vessel, with a reaction matrix of maleic anhydride (2g) and styrene (lg) 
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monomers. The rest of the experiment proceeded as before, except it was immersed in a 
water bath at 70°C so the monomers would vaporise and react as desired in the vapour 
phase. It was found that up to 70°C the contact angle of grated films dropped, but after 
70°C, no further change in contact angle had occurred, so it was shown that 70°C was a 
high enough temperature to vaporize the monomers. 
Figure 3.8 shows the charge complex that the maleic anhydride-styrene 
copolymer makes with the surface when un-reacted. 
Fig. 3.8 Maleic anhydride-styrene copolymer 
Washing this grafted surface with dilute acid and base solutions as before may 
damage the surface, and therefore tetrahydrofuran (THF) was used to wash the surface, 
removing free (ungrafted) maleic anhydride and styrene, leaving the surface clean. 
This method was refmed experimentally by variation in parameters such as 
irradiation time, reaction temperature and solvent use, and IR spectroscopy was used to 
asses the surface as before. 
Successful Grafting Evidence; Contact Angle Measurements 
Table 3.5 shows the mean contact angle data for the maleic anhydride-styrene 
system. 
Mean adv. contact angle Standard deviation 
Treated film 93 3 
Blank PE film 105 5 
Table 3.5 Maleic anhydride-styrene contact angle data 
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Table 3.5 shows that there is an approximate 10° difference in the treated to blank 
film samples. This, coupled with the fact there is no receding contact angle seen on the 
treated film, suggests that grafting has occurred in the same manner as the AA system, 
although the standard deviation is high enough to suggest that further work into the 
characterisation this system could be carried out in order to further maximise the 
derivatisation reaction. 
IR Spectra 
A sample ATR-IR spectrum ofa sample where the PE film has had Maleic 
anhydride-styrene grafted to it is shown in figure 3.9. 
ohl ..... .Mo .. lid! ~.l ........... 1 
~'1lJ'1 1- r- ~ 1"11 r 
7 .501 +02 6 .50 +02 5 .50 +02 
Wavenwnbers (cm -1 ) 
.. -~ 
4 .501 
2.00E-01 
1 .00E-01 
O.OOE+OO 
+02 
-1 .00E-01 
Figure 3.9 IR spectrum of a maleic anhydride-styrene treated film 33 
Figure 3.9 has a blank polyethylene film spectrum subtracted, so the maleic 
anhydride peak of the grafted copolymer at approx. 1800-1700 cm- 1 can be easily 
distinguished. 
Vapour Phase Derivatisation 
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Vapour phase derivatisation reactions were conducted on films in the same way as 
those in the AA system. 
Contact angle data shown in table 3.6 shows that as in the AA system, films 
reacted with TFE in the vapour phase have a significantly larger advancing contact angle 
and exhibit no receding contact angle. This shows the esterification reaction from the 
anhydride to the fluorinated ester has taken place, as the surface is more hydrophobic. 
Mean adv. Standard Mean rec. Standard 
contact angle deviation contact angle deviation 
Treated film 93 3 N/A N/A 
Blank PE film 105 5 78 5 
Derivatised film 105 3 81 3 
Table 3.6 Contact angle data for derivatised maleic anhydride-styrene film 49 
ATR-IR also show evidence of the esterification reaction having taken place, with 
a clearly visible characteristic C-F peak at approx. 650 cm-I. A sample IR spectrum is 
shown in figure 3.10. 
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Figure 3.10 has blank PE film removed so the characteristic C-F peak can be 
easily distinguished. 
Summary 
At the end of this research into grafting polymer chains onto PE surfaces, it was 
concluded that the method of grafting had been optimised under the varied conditions for 
the PE surface on a laboratory scale. Literature methodologies and laboratory experience 
had combined to optimise the characterisation and derivatisation of these grafted systems. 
It was proven via contact angle and IR spectroscopic methods along with surface 
derivatisation techniques that grafting had occurred. In the future, when biomimmetic 
species can be added to the chains grafted to the surfaces, this work could be used in (for 
instance) the restoration of statues, or the grafted chain systems could be used to further 
the miniaturisation of circuitry, but extensive further work into expanding the scale of the 
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reaction and conditions on other substrates than PE would have to be carried out. Also, 
further characterisation methods such as adhesion testing and X-ray photoelectron 
spectroscopy could be used to further asses the extent of grafting and derivatisation at 
film surfaces. 
The experimental methodology and characterisation techniques optimised here 
were then be applied to novel conducting polymer systems. These data are discussed in 
Chapters 4-7. 
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Chapter 4 - Conducting Polymer Charaterisation, Behaviour 
and Modification 
4.1 Growth and Characterisation of Conducting Polymers 
Conducting polymers where characterised using a variety of experimental 
techniques outlined in Chapter 2. These techniques included IR Spectroscopy, XPS, 
cyclic voltamrnetry and contact angle measurements. Derivatisation techniques 
developed from the study of photo-grafting in Chapter 3 were taken, modified, optimised 
and applied. 
Conducting polymers were grown electrochemically onto working electrodes 
consisting of platinum and gold disks, or gold plated glass slides, using a 
potentiostatically driven system as described in Chapter 2. They were subsequently 
characterised by a combination of cyclic voltamrnetry, vapour-phase derivatisation, IR, 
NMR and XPS spectroscopic techniques. Samples of poly(acid) were derivatised in the 
same manner as the grafted polymers in Chapter 3, after initial measurements, the 
derivatisation process was adapted fully to this conducting polymer system and 
optimised. 
Conducting polymers used in this regard are shown in scheme 4.1. 
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2 
3 
1 
Scheme 4.1 Pyrrole based monomers 
1. 3-(pyrrol-1-yl) propanoic acid (acid monomer) 
2. Pentafluoropheny13-(pyrrole-1-yl)propanoate (PFP monomer) 
3.2,2,2 - trifluoroethyl3 - (pyrrol-1-yl) propanoate (ester mono mer) 
4. 3-Pyrrol-1-yl-propionic 4-chloromethyl-phenyl ester (chlorinated ester 
monomer) 
Cyclic Voltammetry 
Cyclic voltammograms (CVs) shown in figures 4.1 and 4.2 show growth of 
poly(acid) and poly(PFP) polymers. These voltammograms are typical of those for each 
polymer growth. 
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Fig. 4.1 Typical poly(PFP) film growth (3 cycles) at a scan rate of 
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Fig. 4.2 Typical poly(acid) film growth (5 cycles) at a scan rate of 
90 mVs·1 Ag/Ag + reference, 0.1 M Et4NCI0 4 in MeCN electrolyte 
Chapter 4 
The well defined growth areas of each CV show the thickness of the fi lm 
increasing with each scan as the oxidation and reduction peaks (Ep,a and Ep,c) increase 
and decrease in magnitude respectively with the current flowing through the films. This is 
consistent with doping and undoping behaviour characteristically increasing with film 
thickness. Electrochemical polymerisation of the poly(ester) was achieved in the same 
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way, however, electrochemical polymerisation of the chlorinated ester monomer was not 
achieved. Most attempts at this polymerisation (in a variety of differing experimental 
conditions; variables such as electrolytes, solvents, scan rates, etc. were all varied without 
success) resulted in polymer films consisting of the acid unit. This was established by 
characterisation methods such as IR and XPS. This result suggests that the chlorinated 
ester had hydrolysed back to the acid in the electrolyte solution. The chlorinated ester 
monomer was polymerised photolytically, simply by leaving a sample of monomer in an 
inert environment on the bench, a characteristic change from a white sold to a purple 
liquid suggested that surface polymerisation had taken place. 
IR Spectroscopy 
Figures 4.3 and 4.4 show IR spectra (DRIFT) of each the PFP and acid monomers 
in KBr as DRIFT IR spectra. Spectra of both the poly(ester) and vapour-phase derivatised 
poly( acid) films were collected with the reflectance attachment in FTIR. 
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The key characteristic peaks in each spectrum are summarised in table 4.1. The 
data shown in table 4.1 refers to RAIRS of each polymer grown upon a gold coated glass 
slide working electrode. 
Polymer Relevant Peak Corresponding Vibration 
Poly(acid) 2500 - 3000 cm-1 0- H stretching in a carboxylic acid . 
1695 cm-1 Carbonyl group in a carboxylic acid . 
1450 cm-1 Pyrrole stretch. 
Poly(PFP) 1780 cm-1 Carbonyl group of an ester. 
1500 - 1550 cm-1 Pentafluorophenol ring . 
1450 cm-1 Pyrrole stretch . 
Poly(ester) 1765 cm-1 Carbonyl group of an ester. 
1050 - 1200 cm-1 C-F stretch . 
1450 cm-1 pyrrole stretch. 
Derivatised 
1765 cm-1 poly(acid) Carbonyl group of an ester. 
1050 - 1200 cm-1 C - F Stretch. 
1450 cm-1 Pyrrole stretch_ 
Table 4.1 Key IR features of mono/polymers 
The two IR spectra shown in figures 4.3 and 4.4 of poly(PFP) and poly(acid) 
show several distinctive characteristic differences. Whilst the poly(acid) has a (C=O) acid 
carbonyl stretch at 1695 cm-I, the poly(PFP) spectra has a (C=O) stretch that has shifted 
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to 1780 cm-I . This is because the strong electric inducing withdrawal effect of the 
pentaflurophenol group in the poly(PFP) chains. In addition, there is a (C-F) stretch 
present in the poly(PFP), which is not present in the poly(acid) spectrum. 
The IR spectra of the poly( ester) and the derivatised poly( acid) show striking 
similarities. Both spectra exhibit a (C-F) stretch between 1050 - 1200 cm-I and a ( C=O) 
stretch at 1765 cm-I. These data show the derivatisation reaction of the poly(acid) was 
effective. Quantification of the efficiency of the derivatisation reaction was sought using 
XPS. 
Using XPS to Probe the Derivatisation Reaction 
XPS spectroscopy was used to quantify the derivatisation reaction. These data 
were used to show an approximate surface percentage elemental composition of each 
polymer. Figures 4.5 and 4.6 show XPS spectra of the poly(acid) and poly(PFP) film as 
examples. 
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Fig . 4.5 XPS survey of poly(acid ) 
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Along with the spectra of the poly(acid) and poly(PFP) films shown in figures 4.5 
and 4.6, spectra of derivatised poly(acid) film and poly( ester) film were collected in the 
same way, and a ratio of each element detennined so that a percentage composition of 
film coverage at the surface could be calculated. This was achieved by integrating peak 
areas in the F(1s), C(ls) and O(1s) spectral regions. Table 4.2 shows the percentage 
compositions of elements in the polymer films as detennined by XPS. 
Ratio of F to N 
Polymer Film N% Composition F% Composition 0% Composition Atoms* 
Poly(PFP) 19 80 N/A 4 
Poly(acid) 27 N/A 72 2* 
Poly(ester) 93 6 N/A 0 
Derivatised 
Poly(acid) 31 68 N/A 2 
* In the case of poly(acld), ratIo of 0 to N atoms 
Table 4.2 XPS % composition of surface calculations 
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In the case of the poly(PFP) film, the integrated peak characteristic to nitrogen 
and fluorine electron binding energies was calculated, and a ratio of the relevant areas 
taken with respect to each other, giving a percentage composition of these two elements 
in the film. This approach gives an approximation of the surface composition of the film 
with respect to Nand F atoms. F should be a relatively strong characteristic peak in the 
spectrum of the poly(PFP). The acid monomer from which the PFP is synthesized 
contains no F, so the substitution of a pentafluorophenol ring into the chain incorporates a 
relatively large amount of F into the system. N is a good atom to use to gauge the relative 
amount of F in the film, as for every polymer chain, there should be one N atom in the 
pyrrole ring of the molecule. The same approach was taken with the poly( ester) polymer 
and the derivatised poly( acid), as these also have characteristic F atoms present in the 
spectrum. The amount of F at the surface gives an approximation of the respective (e.g. 
(poly(PFP)) polymer coverage of the film. 
In the case of the poly(acid), there is no characteristic F in the spectrum to take 
this approach with, so oxygen is used as the characteristic acid atom to fmd the relative 
coverage using the same approach. The use of 0 makes this technique more unreliable, as 
C, 0 and N are commonly present in airborne contaminants, but the poly(acid) does not 
contain a more suitable element for this purpose. Table 4.3 shows the calculated ratio of 
characteristic atom (F or 0) to N, and what would be expected if 100% of the film was 
polymer polymerised in that case. 
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Measured ratio of 
Polymer characteristic atom (F or 0) : 1 Expected ratio of characteristic 
Film N (RM) atom (F or 0) :1 N (RE) % Coverage 
Poly(PFP) 4.21 5 84 
Poly(acid) 2.59 2 130 
Poly(ester) 2.98 3 97 
Derivatised 
poly(acid) 2.1 8 3 73 
Table 4.3 Ratio of characteristic atoms in polymer films, and hence % surface coverage 
A pure film of poly(PFP) should contain 5 F atoms for every N atom. The PFP 
monomer (the repeat unit ofpoly(PFP)) is shown in figure 4.7. 
F 
F 
F 
Figure 4.7 PFP monomer 
So, the result of the measured number of F atoms per N atom in films of 
poly(PFP) RM / RE, where RE is the expected ration of F : N atoms, gives the percentage 
coverage of poly(PFP) at the film surface. This technique can be applied in the same way 
to each of the other three film types studied, in the case of poly( acid), the ratio of N:O is 
used due to a lack of F in the film. 
The figure of 84.2% for poly(PFP) coverage of the film in table 4.3 is a 
reasonable one, and suggests successful electrochemical growth. The lack of 100% 
coverage could be due to PFP in electrolyte solution hydrolysing back to acid monomer 
when poly(PFP) is being grown. 
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The poly(acid) has a greater surface composition than 100%, however this can be 
explained as XPS experiments are susceptible to surface dust and errant particles 
collecting at the surface. Contaminants at the surface such as these would render the 
technique of RM / RE less efficient when the ratios involved involve C and N. This high 
value could also be explained by the film not being totally reduced at the end of 
electrochemical growth, meaning more oxygen would be found in the film than expected 
due to perchlorate ions being left in the film. This suggestion is supported by small Cl 
peaks being found in the XPS spectrum. 
The ratio of F:N for the poly( ester) is very close to the expected level. This 
indicates that the film has been successfully synthesised and polymerised. 
The figure of 72.6% coverage for the derivatised poly(acid) film shows that a high 
proportion of the acid groups at the surface have been reacted with the TFE in the 
vapour-phase, and the reaction has proceeded well with this system in comparison to the 
system in the literature that followed the same experimental procedure l . The vacuum 
assisted derivatisation reaction was first performed upon standard polymers including 
flame-treated poly( ethylene), to identify specific reactions for carboxylic acid and 
carbonyl functional groups. Carboxylic acid chains were derivatised up to 75% in this 
example. 
Contact Angle Measurements 
To conduct a study of the hydrophilicity and surface roughness of each polymer, 
measurements of the contact angle made at the surface via the introduction of a water 
droplet. Results of the experiments are summarised in table 4.4. 
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Polymer Film Mean adv. Contact angle Mean rec. Contact angle 
Poly(PFP) 79 33 
Poly(acid) 26 N/A 
Derivatised poly(acid 44 N/A 
Poly(ester) 52 N/A 
Table 4.4 Contact angle data of polymer films 
The poly(acid) film has a relatively low contact angle of 26°. This suggests the 
poly( acid) has polymerised due to the interaction of the acid groups hydrogen bonding 
with the water droplet, which forms a low contact angle at the surface. 
The vapour-phase derivatisation also seems to have effected the poly(acid) film in 
the contact angle data, as these films exhibit higher advancing c'ontact angles . This 
'Suggests a high enough proportion of the acid groups have been derivatised to CF3 groups 
so the droplet would interact with as many acidic chains. This value is only 8 degrees less 
than the advancing angle for the ester film, showing the two surfaces are very similar, 
which is consistent with the derivatisation having worked on a high percentage of the 
acid groups, as 100% derivatisation success should yield (assuming derivatisation evenly 
spread across the surface, and exactly the same surface arrangement) identical surfaces. 
The poly( acid), derivatised poly( acid) and poly( ester) films do not exhibit a 
receding contact angle. This could be due to the acidic chains at the surface of the films 
interacting and gripping to the droplet as in the grafted systems discussed in Chapter 3. In 
the case of the derivatised poly(acid) film, this could also be consistent with the theory 
there are still enough acidic groups left at the surface to hold onto the droplet through 
hydrogen-bonding, so as the drop attempted to recede across the surface, these acid 
groups held the water close to the surface in place. Another factor that could lead to this 
observed effect is the surface modification of the film altering the surface roughness. 
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Surface roughness effects the contact angle according to the Wenzel equation, equation 
4 .1. 
Eqn.4.1 
In principle, the contact angle can be measured on a smooth surface by the 
method outlined by Young (Eqn. 2.11). When a surface is made rougher, the contact 
angle characteristically changes to reflect the new surface environment. In equation 4.1, 
f)n represents the new contact angle after surface roughness is modified (here via 
derivatisation), f)s the contact angle of the smooth surface, and r the roughness ratio. r = 1 
For a smooth surface, and >1 for a rough one. Equation 4.1 assumes that the droplet 
penetrates into the roughness grooves of the surface. As the surface becomes rougher, r 
increases, and the new contact angle the droplet makes with the surface changes as the 
surface becomes more hydrophilic or more hydrophobic. f)s for a hydrophilic surface 
would decrease with an increase in r, and for a hydrophobic surface would increase. In 
the case of the surface derivatisation of the poly(acid), the derivatisation reaction could 
make the surface rougher, and this could account for the behaviour of the droplet 
gripping the surface of the derivatised films rather than exhibiting a receding contact 
angle. 
4.2 Cyclic Voltammetry of Polymer Films 
The electrochemical behaviour of the polymers is determined by a combination of 
factors including solvation of the polymer and movement of ions and solvent concurrent 
with doping and undoping processes2. Consequently, electrochemical responses of the 
polymers were examined first in solutions of MeCN containing mono mer and electrolyte 
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(electrolyte here is 0.1 M LiCI04), followed by MeCN and electrolyte (blank solution), 
then water and electrolyte, then returned to blank solution to test if any change in 
polymer conductivity in water was due to changes in the polymer, or whether the 
polymer would return to it' s original response in blank electrolyte. The first 5 scans are 
shown of these tests upon poly(acid), poly(PFP) and poly( ester) in figures 4.8-4.1 O. The 
concentrations of monomers in growth electrolytes are 0.03M, and electrolyte 
concentrations throughout are O.1M LiCI04. 
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Fig 4.8 Conductivity study of poly(acid) film. Blue, acid electrolyte, green, blank electrolyte, black, 
water electrolyte, red , blank electrolyte 2 
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Fig . 4.9 Conductivity study of poly(PFP) film. Blue, PFP electrolyte, green, blank electrolyte , 
black, water electrolyte, red , blank electrolyte 2 
~ ~--+---~---+--~----~--+---~--~--~ 
~ ~--+---~---+--~----~--+---~~ 
c 
~ '" ~--+---~---+--~-h-:ar.-i---::.dII~=:"'-+f 
:::l 
(,) 
-300 "--__ ....l-__ ---L __ ---"-__ ---.JL-__ L-__ ....l-__ --L __ ---"-__ __ 
Potential (Vx10-3) 
Fig 4.10 Conductivity study of poly(ester) film. Blue, ester electrolyte, green, blank electrolyte, 
black, water electrolyte , red, blank electrolyte 
The black trace of blank electrolyte 2 is hidden below the red trace of the water 
electrolyte in figure 4.10. 
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The growth of each polymer film was conducted in the way outlined in Chapter 2. 
Each test in MeCN or H20 electrolyte was carried out at a relatively slow scan rate of 20 
m V Is. The electrochemical response of each scan of each film is dependant on the 
perchorate ions in the electrolyte penetrating the film and doping (on the anodic half-
cycle) and un-doping the film (on the cathodic half-cycle). At a high scan rate (such as 
those the films are grown at, 90 m V Is), the ions cannot penetrate the film fully as the film 
does not have time to react, the electrochemical response would be more ambiguous, and 
Epa and Epc would flatten toward the baseline. High scan rates are desirable for the growth 
of the polymer films, however, because (as is shown later in AFM measurements in 
Chapter 7) they lead to a more uniformly grown, smoother surface. It is also easier to 
grow thinner films at a high scan rate, as the amount of polymer deposited upon the 
working electrode is smaller than at a low scan rate, as the polymer spends less time each 
scan in the deposition portion of the sweep. 
As is shown in figures 4.8-4.10, the poly(PFP) and poly(ester) show conducting 
electrochemical responses in all electrolytes tested except in that in water solvent. The 
poly(acid) film does not exhibit a response in water either, but the striking difference 
between the films is that in the cases of poly(PFP) and poly( ester), the response returns in 
blank electrolyte 2. In the case of poly(acid) the response does not return. This can be 
rationalized via consideration of the ions doping and un-doping the film as the 
experiment proceeds. 
As the contact angles that water makes with the poly(PFP) and poly( ester) films 
show, these surfaces are hydrophobic, as there is a relatively high angle. In the blank and 
monomer electrolytes, on the anodic half of the sweep, electrons are removed from the 
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film by the ions in electrolyte, and on the cathodic half, they are replaced. In the water, 
the hydrophobic film cannot be penetrated by the water in the electrolyte, so the LiCI04 
ions cannot get into the film to dope and un-dope it. This explains the lack of 
electrochemical conductivity in the CV. The films are not altered by cycling in water, so 
when replaced in blank electrolyte, the response returns. 
In the case of the hydrophilic poly(acid) (the water droplet in the contact angle 
experiment makes a small advancing angle), it seems the films lose their conducting 
nature by treatment in the water electrolyte, so the conducting behaviour seen in the first 
blank electrolyte is not apparent in the second experiment. The poly(acid) film could 
simply be interacting with the water electrolyte to such an extent that the film is falling 
from the electrode. This may explain why the previously seen conducting behaviour in 
the blank electrolyte does not return. This process of the acid film slowly being removed 
from the electrode surface was characterised using EQCM. 
Use of EQCM to Probe Electrochemical Response of Films in Differing Solvents 
The conducting polymer electrolyte study was undertaken a second time upon 
poly(acid) and poly(PFP), this time using a quartz Electronic Quartz Crystal 
Microbalance (EQCM) crystal as a working electrode. Figures 4.11-4.14show EQCM 
data taken from poly(PFP) and poly(acid) films . Using the EQCM gold crystal as a 
working electrode, the polymers were first grown upon the crystal. The polymers were 
then cycled in blank electrolyte, followed by H20 with electrolyte, then back in blank 
electrolyte again, to compare the results with the CV data. EQCM Figures 4.11 and 4.12 
show the data for poly(PFP) and 4.13 and 4.14 poly(acid). 
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Fig. 4.12 EQCM of poly(PFP) expansion. Black, MeCN electrolyte 1, green, MeCN electrolyte 2 , 
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Fig . 4.14 EQCM of poly(acid) expansion . Green , MeCN electrolyte 1, red , H20 electrolyte, black, 
MeCN electrolyte 2 
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Figure 4.11 shows the EQCM data for a poly(PFP) film. The blue trace represents 
the cyclic voltammetric growth of the film. The trace characteristically spirals upwards in 
an anti-clockwise direction as the EQCM crystal frequency changes to a greater extent as 
polymer is deposited upon the crystal. The change in frequency increases as the film is 
grown, as more film is deposited, the crystal frequency decreases at a faster rate. The 
traces of the film cycling in blank solution are lost on the same scale as the growth of the 
polymer, so figure 4.12 is an expansion of the EQCM scans in blank electrolytes. The 
blue growth trace is a curve as electrolyte travels into the film (swelling it, thus adding 
mass) and traveling out again, causing the anti-clockwise curve to repeat over again as 
the film gains and loses mass characteristically as it is doped and undoped. The red trace 
of figure scan 4.11 shows the water EQCM data. The lines simply travel horizontally and 
overlay, showing the hydrophobic poly(PFP) does not gain or lose mass at all in the 
water, electrolyte was not penetrating into the film. When put back into blank electrolyte 
for the second time, the polymer cycles much as before, showing electroconductivity is 
reestablished. 
Figure 4.13 shows the EQCM data for a poly(acid) film. Again, the blue trace 
shows the characteristic polymer growth spiral, and the other traces are lost on the same 
scale. Figure 4.14 is an expansion of the MeCN and H20 traces. As with the poly(PFP), 
the poly(acid) in MeCN 1 electrolyte cycles in a characteristic curve as the film is doped 
and undoped. In the water, however, the mass curve spirals downward, showing as the 
film is cycled in a solution of water, the frequency of the crystal increases, so the mass of 
the poly( acid) film decreases with each scan. This is due to the film slowly falling off the 
electrode as cycling continues. When put back into the MeCN, the acid film no longer 
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follows the curve of doping and undoping, but is simply a series of overlaying horizontal 
lines. This shows electroconductivity is lost. When combined with the cyclic 
voltammograms, this shows that the conductivity of the acid film has been greatly 
reduced, or fully neutralised after cycling in H20, or the polymer is falling off of the 
electrode. 
4.3 Electrochemical Experiments 
In an attempt to gain some insight into the behaviour ofpoly(acid) and poly(PFP), 
the electrochemical responses of the polymers were examined as a function of pH and 
scan rate. In addition, attempts were made to study the effect of polymer doping state 
upon surface wetting phenomena as evidenced by contact angle measurement. 
pH Study 
Poly(acid) and poly(PFP) films were scanned voltametrically in solutions of 
differing pH in the range of 1-8 to find what effect the differing pH would have upon the 
electrochemical response. Acidic electrolytes were made by gradual addition of glacial 
acetic acid (chosen for it's organic nature and relatively ease and safety of use) to the 
usual (described above) acetronitrile based, blank electrolyte. Phenyl alanine was added 
to the electrolyte to increase pH. Organic acids and bases were used such that they could 
combine in phase with the electrolyte and attain a homogeneous level of pH. pH here is 
used as a relative term as the experiments were carried out in organic solvents rather than 
aqueous media. 
The poly(acid) film has a proton at the end of the polymer carboxylic acid chain. 
This proton can be readily extracted during cycling, forming a RO- H+ system. Figure 
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4.15 shows the trend of the oxidation and reduction peaks of the cycling poly(acid) as the 
pH of the electrolyte is manipulated .. The poly(PFP) films do not have a proton at the end 
of the polymer chain that can be readily extracted. The carboxylic acid group has been 
substituted by a pentaflouropheol ring. This was shown when the CV peaks (Ep) in 
different pH solutions are represented graphically, as there is no obvious trend to the 
shape of the graph. The differing pH of the electrolyte had no effect on the poly(PFP) 
voltammetric response. Figure 4.15a shows the data from a poly(acid) film as pH is 
manipulated. 
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Corresponding plots for poly(PFP) are shown in figure 4.15b. 
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Figs 4.15b Trends in the oxidative and reductive peak potential of a poly(PFP) film in differing pH 
electrolyte 
Figures 4.15a and b show that as the pH of the electrolyte increases, the potential 
at which the peaks occur on the CV decreases. In more alkaline electrolytes, the proton 
removal from the poly(acid) film is more energetically favourable than in acidic ones, 
this accounts for the diminishing magnitude of peaks in the CV of the acid film as the pH 
is made higher. The loss of the proton diminishes the electrical conductivity of the film. 
Figures 4.15b shows that the poly(PFP) exhibits no trend and a large scatter of results 
away from the expected lack of peak movement. The lack of a trend is because poly(PFP) 
doesn ' t have a readily extractable proton. Further work into this system could provide 
extra data proving the large variation with pH shown here to be outlying results. The 
Nemst equation (equation 2.1) can be used to describe these data. Assuming the electron 
transfer process is of the order 0 + e - ~ R , the Nemst equation can be expressed as in 
equation 4.2. 
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Eqn. 4.2 
When a pH term is factored into equation 4.2 and the tenns balanced, an equation 
ofthe fonny = mx + c can be derived, equation 4.3. 
E = EO _ 2.303RT log [R] - 2.303.a.pH 
nF [0] Eqn.4.3 
When factoring in the gradients of the graphs in this proton abstraction can be 
shown to be a one electron process. 
Scan Rate Dependence 
Poly(acid) and poly(PFP) were both tested at a series of different scan rates to see 
whether there is a trend in voltammetric peaks as scan rate changes. Figures 4.16 a and b 
show the trends in each polymer. 
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Figs 4.16a and b. Trends in the oxidative and reductive peaks of top a) poly(acid) and bottom b) 
poly(PFP) films at differing scan rates 
Figures 4.16 a and b show trends of how the oxidative and reductive peaks 
respond to differing scan rates. The poly(acid) film responds to a greater degree at 
different scan rates. As the scan rate increases, the magnitude of the peaks on the CV s 
decrease. This is because as the scan rate goes up, less electrolyte can penetrate the film 
and dope and undope the polymer. The polymer needs more time (at a lower scan rate) , to 
conduct to it's full potential. The poly(PFP) film shows less dependence on scan rate. 
Film Oxidation Levels Effect on Contact Angle 
The doping and undoping of a polymer film leads to differing states of film 
oxidation and reduction at the polymer surface. This change in oxidation state of the 
polymer can affect surface roughness in the manner described by equation 4.1 
A study was conducted to see how much effect the oxidation levels of poly(PFP) 
and poly(acid) had on the surface roughness of the polymer, and hence the advancing and 
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receding contact angles water made with the film surfaces. Figure 4.17 shows the trends 
that were shown in contact angles at differing levels of fi lm oxidation. 
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As before, figure 4. 16 shows the poly(acid) film doesn't exhibit a receding 
contact angle. As the film becomes more doped anodically, the advancing contact angle 
of poly(acid) decreases. This is because as the film is oxidised, it becomes even more 
hydrophilic, reacts with the water more, and becomes even more wettable. The poly(PFP) 
film becomes even more hydrophobic as it is oxidised. This shown by the increase in 
both advancing and receding contact angle with greater oxidation. These data show a 
surface patterned with areas of poly(acid) and poly(PFP) to have areas of high 
hydrophilicity and phobicity upon the same surface could be made to have an even 
greater level of differing characteristics upon the application of potential. These trends 
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also show the level of hydrophilicity could also be controlled electrochemically via 
oxidising and reducing the polymer film. As the roughness of the films increase, the 
poly(acid) film becomes even more hydrophilic (as r in equation 4.1 increases), and 
conversely, as the poly(PFP) film becomes rougher via oxidation, the surface becomes 
more hydrophobic. This is consistent with the effect one would expect to see when 
considering the Weznel equation. 
4.4 Vapour-Phase Derivatisation of poly(acid) and Hydrolysed poly(PFP) Films 
Poly(acid) films were exposed to the vapour-phase treatments described III 
Chapter 2 (8 hour reaction, under vacuum with 8:4:3 mixture of TFE:Pyridine:DCC) to 
see how the reaction affected the surface, contact angle measurements. IR spectroscopy 
and XPS were used to investigate the time dependence of how far the reaction occurred 
into the bulk of the film. Originally, films of poly(acid) were investigated with the 
vacuum assisted derivatisation method. Figure 4.18 shows an IR spectrum of derivatised 
poly(acid). An IR spectrum was performed upon the film before and after the 
derivatisation process, and the spectrum from before derivatisation subtracted from the 
one collected after. 
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Fig. 4.18 Subtracted IR spectra of a poly(acid) film . The film before derivatisation is 
subtracted from the film after 
Figure 4.18 shows a (C-F) stretch at approximately 1250cm-] , showing 
derivatisation had occurred. The proportion of the film surface which was derivatised was 
studied using other methods, including XPS. 
XPS Experiments 
XPS was used to quantify if the extent of derivatisation on this polymer system 
was time dependant, and also if the reaction penetrated into the bulk of the film, or only 
effected the surface layers. To this end, XPS spectra of the front of the film was taken, 
and then the film was peeled away from the electrode surface via adhesive tape, and the 
reverse of the film studied in the XPS as a representation of the structure of the film's 
bulk. Tables 4.5 and 4.6 show that whilst the percentage coverage of the derivatised 
polymer at the surface is only slightly different, in the bulk whilst at the normal 
derivatisation time (8h), the reaction has penetrated only slightly into the bulk, after the 
longer time period (108h), the reaction has penetrated to a larger extent. 
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N% F% Ratio of F to N 
Film Side offilm composition composition atoms 
8 hour Front 31.41 68.59 2.52 
derivatised 
Reverse 88.32 11 .68 0.13 
108 hour Front 30.39 69.61 2.18 
derivatisation 
Reverse 46.55 53.45 1.15 
Table 4.5 Derivatised film XPS measurements 
Table 4.4 shows that there is more F in the bulk of the polymer at the longer 
derivatisation time. The surface derivatisation wasn't effected by the time of the reaction. 
Table 4.5 shows percentage coverage from RM/ RE. 
Side of 
film RM RE % coverage 
Front 2.52 3 84 
Reverse 0.13 3 4.3 
Front 2.18 3 72.7 
Reverse 1.15 3 38.3 
Table 4.6 % coverage of fluorine in derivatised films 
This time dependence is shown graphically in figure 4.19. 
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New Derivatisation Techniques 
Chapter 4 
As described in Chapter 2, two methods that evolved from the vacuum assisted 
method shown in the literature3 were shown. These methods were derivatisation by 
utilising N2 as a carrier gas, and derivatisation via solution immersion. These 
derivatisation methods were devised so that pre-existing quartz and silicon cells could be 
used for Neutron Reflectivity (NR) experiments (discussed in Chapter 6), should the 
reactions have been proven to proceed at least as efficiently than the original, vacuum 
assisted derivatisation method. Also, performing the reaction with N2 as a carrier gas 
would be cheaper to run and easier to perform than the vacuum assisted method. 
Successful derivatisation of the poly(acid) fi lm surfaces was shown via contact 
angle measurements, IR spectroscopy and XPS. 
Table 4.7 shows the mean advancing contact angle of water on the derivatised 
acid film from each method. 
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Method Mean Adv. Angle 
Derivatisation via vacuum 44 
Derivatisation via N2 carrier 50 
Solution Phase 43 
Table 4.7 Contact angle data of derivatised films 
The data in table 4.7 can be compared to that in table 4.8. 
Film Mean adv. Contact angle Mean rec. Contact angle 
Poly(PFP) 79 33 
Poly(Acid) 26 N/A 
Poly(Ester) 52 N/A 
Table 4.8 Contact angle data of conducting polymer films 
The poly(acid) film has a low contact angle of 26°. This suggests the acid has 
polymerised on the gold due to the interaction of the acid groups hydrogen bonding with 
the water and immediately pulling the water to the surface, creating a low contact angle. 
The derivatisation reactions seem to have affected the film in the contact angle 
data, as these films exhibit advancing contact angles. This suggests a high enough 
proportion of the acid groups have been derivatised to CF3 groups so the droplet would 
not immediately wet. These values are only a few degrees less than the advancing angle 
for the poly(ester) film, showing the surfaces have similar wettabilities, which is 
consistent with the derivatisation having worked on a high percentage of the acid groups, 
as 100% derivatisation success should yield (assuming surface homogeniality and exactly 
the same surface arrangement) identical surfaces. 
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Table 4.7 shows that the surfaces of the films yielded from each deriviatisation 
reaction are very similar according to the contact angle measurements, within 6° allowing 
for error shows the surfaces have a very similar level of hydrophobicity, suggesting that 
the derivatisation reactions proceeded to approximately the same level with each method, 
i.e. approximately the same number of acid groups reacted in the allotted 8 hour reaction 
time period. 
Neither the derivatised poly(acid) or poly( ester) films exhibit a receding contact 
angle. This could be due to the films interacting and gripping to the droplet after it had 
advanced across the surface. It is probable that not all of the acidic groups would have 
reacted in the derivatisation process (this theory is supported by XPS data of the film 
surfaces, shown below), so there could be enough acidic groups left at the surface to hold 
onto the droplet through hydrogen-bonding, so as the drop attempted to recede across the 
surface, these acid groups could have held the water close to the surface in place. 
From Young's equation (equation 2.11), the advancing and receding contact angle 
of water on the polymer film surface should be the same. Due to the apparent difference 
in these values, the surface must have changed as the water drop advanced across it. The 
energies of the liquid/surface interface cannot change, so the energy of the surface must 
have changed. The water has interacted with the acidic chains as the droplet advance 
across the surface, possibly even interactions as strong as hydrogen bonds are present. 
A further factor to be considered when discussing contact angle hysterisis IS 
surface roughness. If the surfaces are becoming rougher because of the derivatisation 
reaction, the contact angle hysteresis may be affected by the Weznel equation as 
discussed earlier. 
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This increased roughness andlor remaining un-reacted poly(acid) chains would 
mean as the drop recedes across the surface, the attraction between acidic groups and 
surface is such that the drop would not recede across the surface, rather grip. 
The presence of fluorine groups at the surface of the derivatised films has also 
been detected via IR spectroscopy, as shown in figure 4.20. 
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Fig. 4.20 Detection of fluorinated ester groups in vapour phase with N2 derivatised acid samples 
When compared to the IR spectrum of the acid film, it can be seen that the 
carbonyl peak has moved into a position characteristic to that of an ester (D (C=O) 1765 
cm-I). This again, provides supporting evidence to the contact angle data that the 
derivatisation process has taken place and that the surface of the N2 derivatisation method 
and the vacuum assisted derivatisation method produce surfaces with similar properties. 
This comparison is shown in figure 4.21. 
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Derivatisation having taken place is also supported by XPS data, presented in 
figure 4.22. 
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FigA.22 Detection of fluorinated ester groups in vapour phase with N2 derivatised acid samples 
Figure 4.22 shows the full XPS survey for an N2 derivatised film. Figure 4.23 is a 
spectrum of an identically grown film, however overlaid on the spectrum are windows 
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showing zoomed in portions of the spectrum, at the binding energies corresponding to 
elemental shells in the sample. 
8000 
F1s 4Jl00 
G35 G85 Gr.O 
3000 ~ 4.'5 
01s 
1500 
~------~------~------~--------~------~----~=*======~O 
14Jl0 1200 1000 800 GOO 4Jl0 200 0 
Binding Energy (eV) 
Fig. 4.23 XPS Survey with elemental peak expansions 
Table 4.8 shows each individual element for which spectra were recorded, and the 
approximate corresponding binding energy of the relevant ejected electron for that 
element. 
Approximate Binding Energy 
Element Atomic Shell (eV) 
Carbon 1 s 1 285 
Nitrogen 1 s 1 400 
Oxygen 1 s 1 530 
Fluorine 1 s 1 685 
Table 4.8 Approximate binding energies of electrons in atomic shells 
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Tables 4.9 and 4.1 0 show the percentage ofthe surface that has reacted in all three 
derivatisation reactions. The peaks from each element were integrated and the percentage 
ratio of each element at the surface was determined. This means that a percentage 
composition of film coverage on the electrode surface could be calculated by integrating 
peak areas characteristic to the energy at which electrons are ejected from the shells of 
elements. Tables 4.9 and 4.10 show that all three presented methods of derivatisation 
work to a certain degree. 
C% N% 0% F% CI% 
Film composition composition composition composition composition 
Poly(acid) 66 7 25 0 1 
Vacuum 
derivatisation 65 8 19 6 0 
N2 
derivatisation 64 8 18 9 0 
Solution 
derivatisation 64 7 19 9 0 
Table 4.9 Comparison of derivatisation method success in XPS 1 
Film Ratio of F atom : 1 N % coverage 
Vacuum derivatisation 1 23 
N2 derivatisation 1 40 
Solution derivatisation 1 41 
Table 4.10 Comparison of derivatisation method success in XPS 2 
The methods are all shown to be working by XPS, fluorine is detected on the 
films in the XPS experiment. The vapour-phase derivatisation reactions exhibit similar 
surfaces in XPS, which is comparable with the results from contact angle and IR 
spectroscopic analysis. The solution derivatisation reaction again seems to show that 
there is no significant improvement gained by using this reaction over either of the 
vapour-phase reactions, as in this case the extent of derivatisation is very similar to the 
142 
Philip E. Pearson Ph.D. Thesis Chapter 4 
vapour-phase reacted films. On the basis electrolyte can travel in and out of the polymer 
to dope and undope the film, the expected result here would perhaps be that the solution 
derivatisation reaction would be more efficient than either reaction in the vapour phase. 
This shows the most likely causes of the incomplete reaction may be diffusion and/or 
steric effects. Both of these factors are influenced by the interfacial and internal 
microstructure of the polymer film. Chapter 5 describes a technique that can determine 
the structure of the film more fully, whilst Chapter 6 describes an NR experiment that 
probes the derivatisation reaction beyond the surface of the film. 
4.5 Optimisation ofthe N2 Carrier Gas Vapour-Phase Reaction 
As experimentally it has been shown there is no significant difference between 
either of the two vapour-phase derivatisation reactions, it was decided the slightly more 
efficient N2 carrier gas utilising method would be used to try and optimise conditions to 
yield maximum efficiency in surface coverage during the derivatisation reaction. This 
method was chosen over the vacuum method due to the cells available to carry out NR on 
reacted films . 
There were two main areas identified for the improvement of the method with 
respect to the extent of reaction, the temperature at which the reaction took place, and 
ensuring the acidic film was as un-reacted in air as possible by treating it pre-reaction. 
Film Pre-Treatment 
If the poly(acid) films react in air before being exposed to the derivatisation 
reaction, it is probable that water vapour could react with the acidic ends of the polymers, 
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meaning that any active ends reacted pre-reaction would not react with the carbodimmide 
and TFE to produce the poly(ester). So, it was decided that prior to reaction, the polymer 
films would be immersed in a solution of O.lM HCl and soaked overnight. Subsequent to 
this immersion, the film would be dried, then immediately reacted. This means the fi lm 
would have minimum exposure to air before being derivatised, giving the maximum 
number of acid groups at the surface an optimum chance of reaction 
Table 4.11 shows a comparison of a film pre-treated in this way prior to reaction 
to one not, and the difference in contact angle measurements on the fi lms. 
Method Mean Adv. Angle 
Derivatisation via vacuum 44 
Derivatisation via N2 carrier 50 
Solution Phase 43 
Acid Pre-treatment 56 
Table 4.11 Comparison of fi lm immersed in 0.1 M HCI to previous method via contact angle 
measurements 
The data in table 4.11 does not correlate exactly for the % coverages found via 
XPS experiments, this could be due to surface roughness contributing to contact angle 
measurments. However, the trend suggests that pre-treatments aid derivatisation. 
Figure 4.24 shows a similar comparison. 
144 
Philip E. Pearson Ph.D. Thesis Chapter 4 
HIE-a: 
9aEOI 
BaEOI 
'--
..,,- r\.. 'M il\l 
~ ~ '\ . 
--
i-J ~Il 
" -
1aEOI 
6aEOI !:: 
Ci) 
SaEOI 0 
-- - ~ 
" 
. 
" 
~ 
""-~" 
r\. , 
;. 
<aEOI Q) 
= (') 
3aEOI ~ 
2.a:E01 
laEOI 
OLlE+a: 
<.9:E>CJ! UIE-a: 3.9:E>1Il 3.1XE>IIl 2.9:E>1Il 2.1XE>a: I.9:E>1Il I.IXE>IIl S.IXE>IIi OLlE+Cl 
Wave numbers (an-~ 
Figure 4.24 Comparison of film immersed in 0.1 M HCI to previous method via IR spectroscopy. 
Blue, pre-treated film, red, non pre-treated film 
In figure 4.24, although offset for clarity, the magnitude of the C-F peak is clearly 
larger in the case of the pre-treated film (blue). 
Finally, table 4.12 shows an expanded table 4.l1 , showing the comparison ofXPS 
data between all of the films and one pre-immersed in O.IM HCl. 
Film RM I RE % coverage 
Vacuum derivatisation 0.69 23 
N2 derivatisation 1.20 40 
Solution derivatisation 1.22 41 
Acid Pre-treatment 1.78 59 
Table 4.12 Acid pre-treatment XPS data comparison 
These results show that the pre-treatment of the film has increased the number of 
acid groups derivatised at the surface, and hence increased the ratio of F to N atoms and 
the percentage coverage of he film. 
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Dependence of Reaction on Temperature 
It was predicted that raising the temperature of the reaction mixture would 
increase the rate of overall reaction , as equilibrium would be reached more quickly. The 
overall extent of reaction is governed by thermodynamics, so even though equilibrium 
may be reached earlier, the position may be less favourable . Table 4.13 shows a contact 
angle comparison between films derivatised at room temperature and at 50°C. 
Method Mean Adv. Angle 
Derivatisation via N2 carrier at room 
temperature 50 
Derivatisation via N2 carrier at 50°C 64 
Table 4.13 Comparison of films derivatised at 50° and at room temperature via contact angle 
measurements 
Figure 4.25 shows a similar comparison, this time using IR spectroscopy. 
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Fig 4.25 Comparison of a film derivatised at 50° to one at room temperature via IR spectroscopy. 
Red trace - 50°C reacted fi lm, blue trace, RT reacted film 
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Again, figure 4.25 shows a greater magnitude in the C-F peak of the optimized 
condition reacted film, and table 4.14 shows a more hydrophobic surface. 
Finally, table 4.14 shows a further expansion of table 4.6, including a comparison 
of a fi lm derivatised at 50°C and one at room temperature via XPS spectroscopy. 
Film Ratio of F atom : 1 N % coverage 
Vacuum derivatisation 0.69 23 
N2 derivatisation 1.2 40 
Solution derivatisation 1.22 41 
Acid Pre-treatment 1.78 59 
Derivatisation via N2 carrier at 50°C 1.42 47 
Both Optimization Techniques Carried out on 1.83 61 
Film 
Table 4.14 XPS data on the optimization of the derivatisation reaction 
These comparisons show that when the acid films are derivatised at 50°C, a 
greater proportion of the acid groups in the fi lm react with the TFE, producing 
fluorinated ester groups. The pre-soaking of the films and derivatising the films at the 
higher temperature have been shown through these results to have optimised the 
derivatisation reaction. When the films of poly(acid) were subjected to both optimization 
conditions, XPS data showed the level of derivatisation to be 61 %. Whilst this is the 
highest repeatable efficiency gained for the po1y(acid) derivatisation reaction, it was 
speculated that films of poly(PFP) hydrolysed back to the po1y(acid) film using the 
method outlined in Chapter 2 would produce films with a greater derivatised surface. 
This is because removal of the bulky pentaflourophenol groups from the surface of the 
film may open more pathways for derivatisation vapour to percholate into the film. Data 
retrieved from XPS spectra in Chapter 5 show that especially in thin films, there is a high 
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proportion of these fluorinated, bulky groups at the film surface. Thus, to see how 
efficient the optimized reaction could be upon poly(PFP) films hydrolysed back to 
poly(acid), hydrolysed poly(PFP) films were subjected to the optimisated procedure, and 
measured via RAIRS, contact angle and XPS. 
Optimised derivatisation of hydrolysed poly(PFP) films 
Figures 4.26 a and b show spectra collected of hydrolysed then derivatised 
poly(PFP) film. 
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Fig 4.26 a and b, Spectra of hydrolysed then derivatised poly(PFP) film . Top a) IR comparision of 
poly(PFP) derivatised film, blue, with room temperature derivatised poly(acid) film. Bottom b) XPS 
survey of hydrolysed, derivatised poly(PFP) film 
Film Ratio of F atom: 1 N % coverage 
Vacuum derivatisation 0.69 23 
N2 derivatisation 1.2 40 
Solution derivatisation 1.22 41 
Acid Pre-treatment 1.78 59 
Derivatisation via N2 carrier at 50°C 1.42 47 
Both Optimization Techniques 1.83 61 
Carried out on poly(acid) film 
Both Optimization Techniques 
Carried out on hydrolysed poly(PFP) 
film 2.9 97 
Table 4.14 XPS data on the full optimization of the derivatisation reaction 
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Although the IR spectrum of the film showed some unreacted acid chains, the 
XPS spectrum showed a ratio of F:N atoms of 2.9:3 , very nearly 100% derivatisation 
efficiency. Whilst this result was found not to be repeatable upon multiple attempts, all 
levels of derivatisation were significantly larger than those recorded for poly(acid) films. 
The removal of bulky pentaflurophenol groups via poly(PFP) hydrolysis opens up 
significant amounts of space in the polymer matrix for the reaction vapour to react with a 
greater proportion of acidic chains. This theory is supported by the less dense groups 
upon the poly(PFP) surface shown in preliminary AFM scans of polymer films (Chapter 
7), as the poly(PFP) surface groups were shown to be less densely packed than the 
poly(acid) ones. An attempt was made via XPS to probe how deeply the derivatisation 
reaction had penetrated into the film, but the method of adhesive tape film removal used 
previously proved unsuccessful. Ar+ ablation of the film showed approximately a 20% 
reaction efficiency towards the substrate, however this technique was unsatisfactory to 
give a reliable overview of the penetration of the reaction into the film. 
Patterning Attempts 
The results here show that the derivatisation reaction from the poly(acid) to 
poly( ester) film has been optimised and characterised both at the surface and, to a limited 
extent, in the bulk of the reacted film. A study of the characterisation of the bulk of the 
film with NR is presented in Chapter 6. Subsequent to the surface characterisation, 
attempts were made to pattern surfaces of the acid film with specific areas of fluorinated 
ester, producing areas of hydrophobicity on a hydrophilic surface. Also, prospective 
routes into patterning the chlorinated ester film were explored. This method of patteming 
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used exposure of the film to UV light to photo-degrade specific areas of the surface, 
changing the properties of specific areas. 
Figure 4.27 is a schematic representation of the proposed patteming process for 
the derivatisation reaction of the poly( acid) film to the poly( ester). 
Fig . 4.27 Proposed derivatisation reaction patterning schematic. Top: poly(acid) film , represented 
in green. Centre, Mask applied in central , white stripe. Bottom, film subject to derivatisation , and 
mask removed. The central stripe represents unreacted a poly(acid) surface, and the yellow 
reacted surfaces. 
Patterning of the poly(acid) films with selected areas of derivatsed ester was 
found to be not trivial. Areas ofpoly(acid) film were masked with poly(styrene) (PS) and 
poly (vinyl acetate) (PVA) layers. However IR spectroscopy and contact angle 
measurements showed no discernable patterning had occurred upon derivatising 
patterned films and removal of the masks, as masking had been inefficient and the whole 
surface of the film has been subject to the same amount of derivatisation. IR and contact 
angle data showed the whole film surface to be of the same composition. 
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The reason why patterning In this manner was un-successful is due to the 
roughness of the film. Figures 4.4 shows images of a film's boundary with the gold 
substrate upon creating an interface with adhesive tape. The boundary between un-
reacted gold slide and poly(PFP) is shown in the AFM image of figure 4.28. 
Polymer 
urface 
Id 
Substrate 
Fig 4.28 An AFM image of a 20x20 IJm sample of a poly(PFP) / gold substrate interface 
In figure 4.28, the differences in height of the film on the surface are denoted by 
the dark to light colour gradient. 
The AFM image has a boundary between film and gold where the film seems 
extremely rough . This film roughness for polymers in this system explains why the 
attempted methods of masking were unsuccessful. Film roughness means that the masks 
do not cover the intended areas fully, and hence the vapour containing the derivatisation 
mixture can permeate into the film areas under the mask, derivatising these areas yielding 
fully derivatised, un-patterned film surfaces. Artifacts of growth, scan rates and quantity 
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of scans effect this, and were the base of a wider ranging AFM study on the films , 
discussed in Chapter 7. 
The other proposed method of patteming films from this scheme comes from the 
patteming of the chlorinated ester polymer. Attempts to grow polymer films of the 
chlorinated ester polymer failed due to the chlorinated ester hydrolysing back to the acid 
monomer in solution upon growth attempts, this is shown in an XPS experiment where 
perspective poly (chlorinated ester) films were shown to be identical to poly(acid) films 
studied at the same time. 
However, the chlorinated ester monomer was shown to absorb in the UV part of 
the electromagnetic spectrum via the use of U.V.Nis spectroscopy. This spectrum was 
shown to have a large UV absorption peak at 250nm. 
The proposed way for this polymer film to be used for patteming if a surface of 
poly(chlorinated ester) can be produced is shown in figure 4.29. 
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Fig. 4.29 Proposed poly(chlorinated ester) patterning schematic. Top: poly(chlorinated ester) film, 
represented in red . Centre, Mask applied in central, white stripe. Bottom, film subject to UV 
exposure, and mask removed. The central stripe represents unreacted a poly(chlorinated ester) 
surface, and the black reacted surfaces. 
It was proposed that when the poly(chlorinated ester) is exposed to U.V. light for 
an appropriate length of time, that photo-degradation occurs via free-radical cleavage of 
the chlorine atom from the end of the polymer chain, as shown in scheme 4.1. 
hv 
Scheme 4.1 Proposed photo-degradation patterning mechanism 
Evidence for this mechanism to occur is twofold, first, the literature shows similar 
compounds exhibiting this cleavage behaviour3, and secondly, when the pure, white 
crystals are exposed to UV in a UV -vis experiment, a peak at 247nm is shown. This 
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proposed cleavage of the chlorine group means the polymer would no longer conduct in 
the same manner as pre-cleavage, meaning that if successfully patterned, the reaction 
could yield areas of conductivity and non-conductivity on the surface of the film, 
allowing for the formation of conducting polymer patterned wires. 
Despite the lack of successful growth, UV -vis and NMR spectroscopies show the 
monomer to be pure 3-pyrrol-1-yl-propionic 4-chloromethyl-phenyl ester, so there is 
hope that a method of polymer growth and subsequently patterning of both systems can 
be achieved upon further study. 
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Chapter 5 - The Tougaard Technique for the Study of Polymer 
Film XPS Backgrounds 
5.1 Introduction 
Examples of the application of the Tougaard technique l for interpreting XPS 
spectrum backgrounds are still widely found in the literature2-4 . Fields that investigate 
XPS spectra closely still utilize this subtle technique for the study of backgrounds after 
XPS peaks. XPS continues to mainly be an important surface characterisation tool, 
however, through this sensitive technique, more information can be gained from spectra 
than just surface characterisation. Here, the Tougaard technique was performed upon 
conducting polymers before and after derivatisation to give initial data into both the 
thicknesses of films, and insight into the arrangement of groups in the bulk of the films. 
These data could then be compared with information from AFM measurements of 
polymer thickness (with polymers in dry or wet surroundings), and results from NR 
spectroscopy that describe the bulk of the polymer films. Also, data for the extent of 
surface derivatisation between thick and thin hydrolysed then derivatised poly(PFP) films 
will be compared to investigate any significant differences . 
5.2 Characteristic Carbon XPS Peaks from Polymer Films on Gold Substrates 
To gather qualitative description of film thickness by simply looking at an XPS 
spectrum, an understanding of how the polymer film and the gold substrate combine to 
form the peak seen in the spectrum is necessary. Figure 5.1 (case A) shows a gold peak 
from an XPS spectrum of a gold substrate with no polymer film grown upon it. Figures 
5.2 and 5.3 show example carbon peaks from XPS spectra of polymer films grown upon 
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gold substrates. Figure 5.2 (case B) is a carbon peak from a spectrum of a thin (thin in 
this case is defined as 5-50 nM5) polymer film, and figure 5.3 (case C), a thick (> 50 
nM6) film. 
Case A: No Film 
Figure 5.1 shows a representation of peak from a gold substrate with no film 
grown upon; 
Counts 
BE (e\l) 
Fig. 5.1 A pictoral example of case A, no film 
The peak shown in figure 5.1 is that of photoelectrons being ejected from a gold 
nucleus. As the figure shows, there is the peak of the gold, a gap between the peak and 
the background after the peak where the level of counts has returned to the level of the 
background prior to the peak (due to the work function). Then as the BE continues past 
the peak, the background level of counts swiftly increases compared to what it was 
previous to the peak as a constant count level. The raised, constant level of the 
background after the peak is due to collisions in the substrate as photoelectrons try to 
escape the gold. As the gold is homogeneous, the level of this new background after the 
peak is constant, as photoelectrons have to escape after collisions from the very surface 
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all the way through the infmite (from a spectrum perspective) bulk of the substrate. These 
photoelectrons originating deeper in the sample will probably experience more inelastic 
collisions and therefore contribute to the background well beyond the gold peak. 
Case B: Thin Film 
In the case of a thin film, the peak from the polymer film is distorted by a strong 
gold peak that shows through in the spectrum. These constituent peaks are shown in 
figures 5.2 a and b; 
Counts 
BE (eV) o 
Counts 
BE (eV) o 
Fig. 5.2 Pictoral examples of case B, thin film. Top (a) Polymer peak constituent, bottom (b) gold 
substrate constituent 
Figure 5.2 a shows the carbon peak of a thin polymer film. After the carbon peak 
and the quantized gap between peak and the background change marked by the escape of 
photoelectrons at different binding energies due to collisions·, the background exhibits a 
secondary peak, which then tails off to the level of the baseline before the main carbon 
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peak. This peak is representative of photoelectrons escaping after collisions, but since the 
film is thin, the peak is short-lived due to the small depth of the film. Figure 5.4 b shows 
the gold substrate peak. The background after the peak is much the same as a pure Au 
sample, and rises to a constant count, higher background after only a short BE gap. This 
is due to the polymer film being thin enough such that the gold background rises quite 
swiftly. 
The background after the peak in a thin film spectrum returns to the level of 
counts exhibited before the peak after exhibiting different trends, dependant on film 
thickness. These electrons escaping the film form a smaller broad peak after the 
elemental peak, and then the background counts return to what they were before the peak. 
The thinnest films have a background that is briefly higher just after the peak, the thicker 
the film, the larger the background increase 
Case C: Thick Film 
In the case of a thick film, the peak from the polymer film is distorted less than in 
the case of a thin film, as a weaker gold peak is shown on the XPS spectrum. In the case 
of very thick films, no gold contributes to the peak at all. These constituent peaks are 
shown in figures 5.3 a and b. As the photoelectrons that have been scattered escape, the 
background after the peak gradually increases as the higher energy photoelectrons 
escape; 
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Counts 
BE (eV) 
Counts 
BE (ell) o 
Fig. 5.3 Case C, thick film. Top (a) Polymer peak constituent, bottom (b) gold substrate 
constituent 
The gold constituent of the peak is much weaker than that of the thin film. Also, it 
takes longer for the background to rise, as there is a greater amount of film on the 
substrate. The carbon peak of the polymer raises to the same level as the thin polymer, 
but instead of tailing back to the original baseline, the new background remains at a 
constant count rate. This is due to photoelectrons escaping from a greater depth in the 
thicker film, prolonging the height of the new background. The thicker the polymer film, 
the longer this effect continues, and the more dominant the effect over the background. 
The thinner the film, the greater the contribution to the background from gold peaks. 
This relationship between elemental XPS spectrum peaks and background counts 
can be used to qualitatively describe the thickness of a film. However, Tougaard found 
that this technique could be extended to quantitatively describe elemental relative depths 
in samples. This is due to the fact that due to the elastic and inelastic electron scattering 
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the energy distribution of emitted photon excited core electrons depends strongly on their 
depth of origin. 
5.3 Results and Discussion of Selected Spectra 
The technique described above was used to attempt to profile XPS spectra of four 
films. The films chosen were thick (grown over 30 cycles, 30 mV/s) and thin (grown over 
5 cycles, 90 mV/s) hydrolysed then derivatised poly(PFP) (according to the optimised 
method, Chapter 4), poly(PFP) and poly(acid) (both grown for 20 cycles, 0.9 mV/s) . The 
films were chosen to determine whether a difference could be seen between thick and 
thin films of the same polymer treated in the same way, and to see if concentration 
profiles could be inferred. 
Figure 5.4 shows the overlaid spectra of each film in the C1s region. The peaks 
for each carbon environment have been marked on the spectra; 
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Fig. 5.4 Overlaid XPS spectra of studied films, C1 s peak. Green , poly(acid), blue, thin derivatised 
poly(PFP), red, thick derivatised poly(PFP), black, poly(PFP) 
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Figure 5.4 shows that the poly(acid) film has no C-F present. The spectrum 
(green) exhibits peaks corresponding to C-C, C-N, c=o and (uniquely) COOH carbon 
environments. The C-C and C-N peaks are evident on the spectrum as shoulders in other, 
more dominant, peaks. The derivatised fi lms (red and blue) have characteristic peaks at 
the highest binding energy (the biggest shift away from the C-H peak) representing CF3 
groups. The poly(PFP) has peaks characteristic to the bulky pentafluorophenol ring 
structure. The more electronegative the carbon environment, the greater the shift away 
from the C-H binding energy. CF3 is the most electronegative carbon environment in the 
spectra of figure 5.4, and is shifted by approximately 5 eV. 
Determination of D 
First, to study if the technique could be applied successfully to polymer films such 
as these, the poly(acid) and poly(PFP) were be examined. Figure 5.5 shows the XPS 
survey of these two films; 
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Fig. 5.5 Overla id XPS spectra of studied films. Red , poly(PFP), blue, poly(acid) 
163 
Philip E. Pearson Ph.D. Thesis Chapter 5 
The technique for measurement of Ap and B was applied to each spectrum. Ap was 
calculated from the XPS software, and B found by hand. Figures 5.6 and 5.7 show 
experimental values of Ap (calculated in XPS software) and B (calculated by hand from 
printed spectra); 
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Fig. 5.6 Ap experimentally calculated 
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Fig. 5.7 B experimentally calculated 
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Experimental values of Ap and B were divided by the dwell time (a constituent of 
equations 2.3 and 2.4) before the ratio of Ap / B was taken to defme D. 
In the case of these two films, the peak selected for study was C1s. Carbon is 
present in both spectra and is a large enough peak with which to carry out the technique 
accurately. Table 5.1 summarises values of D for these two films; 
Film Peak Ap (eV S·1) B (S·1) D (eV) 
Poly(PFP) C1s 49870 2638 18 
Poly(acid) C1s 82760 3846 21 
Table 5.1 Calculation of 0 for poly(PFP) and poly(acid) 
Table 5.1 shows values ofD for the poly(PFP) and poly(acid) of 18.9 eV and 21.5 
eV respectively. These values are close to Tougaard's experimentally defmed value of 
Do, 23 eV1• Despite being slightly lower than Do, Do was calculated using metals, so 
these data are comparable enough to be confident the technique can be used upon these 
types of fi lms. The spectra shown in figure 5.5 both show dominance of the polymer film 
over the gold substrate in the backgrounds after the peaks, indicating the films are > 
50nm6 and can be considered thick. In both cases there is little or no contribution from 
the gold peaks seen in the spectra. 
Subsequently, the thin and thick hydrolysed and derivatised poly(PFP) films were 
considered, to see if the spectra were noticeably different and to compare values of D for 
the films . Figure 5.8 shows the XPS surveys for the two films, and table 5.2 shows the 
calculation of D; 
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Fig. 5.8 Overlaid XPS spectra of studied films. Black, thin derivatised poly(PFP), green, thick 
derivatised poly(PFP) 
Film Peak Ap (eV S·1)) B (S·1) D (eV) 
Thin derivatised poly(PFP) F1s 127800 3350 38 
Thick derivatised poly(PFP) F1s 67660 5140 13 
Table 5.2 Calculation of 0 for thin and thick derivatised poly(PFP) films 
F or the determination of D in the thin and thick derivatised poly(PFP), the F 1 s 
peak is used instead of the C 1 s. The XPS survey in figure 5.8 showed that the F peak is 
the largest on the spectra, and is of a higher binding energy than the C 1 s peak used for 
the poly(acid) and poly(PFP) determination of D. At this higher binding energy, there is 
less interference of gold on the thin film peak, the C1s peak has so much gold 
contributing to the spectrum that it is difficult to determine B to a level of accuracy for 
quantitative results. Qualitatively, the spectrum of the thin film has high levels of the gold 
substrate contributing to the background after the peaks, showing it to be a thin film (5-50 
nm6), whereas the thick film background is dominated by the polymer film, so is > 50 nm 
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thick. Quantitatively, D for the thin film is 38.1 eV. This is much greater than the Do 
value of 23 eV, indicating the Fls peak is dominated by photoelectrons being ejected 
from a thin surface layer. The thick film has a low value of D, 13.2 eV, indicating the 
photoelectrons are coming from far deeper in the film than those of the thin film, 
indicating a far thicker film. Interestingly, the F peak for the thinner film is significantly 
larger than that of the thicker film, showing a comparative larger amount of surface 
derivatisation had occurred. The data in Chapter 4 (page 146) is taken from thinner films, 
so the process is optimised by means for film thickness, and data in Chapters 6 and 7 
explore this variance in the extent of derivatisation with film thickness to a greater 
degree using NR spectroscopy and AFM images. 
Despite background after the carbon peak of the thin hydrolysed then derivatised 
poly(PFP) film being too dominated by gold to be used quantitatively for film 
comparison, D was calculated for the peak in order to gain a qualitative insight into the 
relative elemental positions within the film. The nitrogen peak is too small and the 
background too dominated by gold to be compared in this manner. These data are 
summarised in table 5.3; 
Peak D (eV) 
F1s 38 
C1s 22 
Table 5.3 Elemental positions in thin derivatised poly(PFP) film 
Table 5.3 shows that D is considerably lower for Cls than Fls, with Cls being 
close to Do This would suggest that in this film, the fluorinated ester chains are present 
closest to the surface. This alignment within the film suggests why the derivatisation 
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reaction works to such a higher degree at the surface than in the deep bulk of the film, if 
the original poly(PFP) film had the majority of the bulky pentafiourophenol ring groups 
towards the surface of the polymer, upon hydrolysation, this would create a great free 
volume towards the surface, with a high number of acidic groups to derivatise. This 
would enhance derivatisation as the vapour could move more freely in this space 
compared to the packed remainder of the repeat units deeper in the polymer, where there 
are fewer carboxylic acid chains to derivatise. 
Summary 
In summary, the Tougaard background technique has been shown as suitable for 
use upon these conducting polymer systems. Using the Cls peaks, the poly(PFP) and 
poly(acid) films were shown to be thicker than 50nm due to no variation in the 
background after the peaks, and D was found to be comparable to Do. The thin and thick 
poly(PFP) films were studied using the Fls peak as the background that followed it had 
less contribution from the gold substrate. The thin film was found to be in the range of 
thickness ideal for the Tougaard technique, 5-50 nm. The gold substrate contributed to 
the background to such an extent, the film could be accurately estimated at a thickness of 
approximately 10 nm. The thick derivatised poly(PFP) had little to no gold contribution 
to the background, so it is greater than 50 nm thick. These conclusions agreed with 
experimentally calculated values of D. Also, it was shown that thinner films tend to have 
a greater percentage of derivatised groups at the surface. More exact characterisation of 
polymer film bulks, and measures of polymer film thicknesses and morphologies were 
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subsequently sought using Neutron Reflectivity (NR) and Atomic Force Microscopy 
(AFM), these data are shown in Chapters 6 and 7. 
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Chapter 6 -Probing the Surface Derivatisation Reaction Using 
Neutron Reflectivity 
6.1 Neutron Reflectivity (NR) 
Chapter 4 described the characterisation of the conducting polymers in scheme 
1.1 using electrochemistry, IR spectroscopy, contact angle measurements, and XPS. The 
derivatisation reaction was also shown to be optimised, and films were characterised 
before and after reaction. The techniques of contact angle and XPS used in Chapter 4 
focus on characterising the surface of the polymer film (in the region of a few nm from 
the interface), or in the case of electrochemistry, upon the conducting behaviour of the 
polymer. In order to fully characterise the derivatisation reaction in the bulk of the 
polymers, a technique that could probe deep into the film was required. 
NR is a technique that can be employed to characterise polymer films from the 
surface right to the substrate the film is grown upon 1• Neutrons of known energies can be 
used to bombard a film, and models can be formulated to fit the scattering length 
densities (Nb) of reflected neutrons in such a way that the composition of the bulk of a 
film is described. When hydrogenous and duterated TFE groups are used in the 
derivatisation reaction on polymer films, the characteristic differences in Nb when the 
films interact with neutrons can be used to discern the depth of penetration of the 
derivatisation upon the films, and the efficiency gradient at which derivatisation takes 
place from the surface to the substrate. Also, duterated and hydrogenous solvents can be 
used to examine film swelling and the volume fraction of films in the same manner. 
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NR Studies 
Studies into similar systems in the literature2,3 that involved plasma treated films 
cast from a chemically synthesised polymer showed surface modification to be relatively 
inefficient and possibly limited only to the surface of the film. In contrast, a second 
example where electrochemically deposited films containing activated ester groups were 
used, functionalisation with small molecules in solution proceeded efficiently throughout 
the entire thickness of the film4. For electrochemically grown conducting polymers, 
transport of ions and solvent throughout the polymer during electrochemical oxidation 
and reduction processes is relatively eas/. The difference between the two observations 
in the literature may have been because the electrochemical deposition of the polymer can 
lead to a more open matrix than in a cast film due to a branchedlbudding growth 
mechanism. XPS data in Chapter 4 has shown that poly(PFP) films hydrolysed back to 
the poly(acid) derivatised fully at the surface, as the removal via hydrolysis of bulky 
pentaflourophenol group was thought to create larger fissures for the derivatisation vapor 
to move throughout the film. 
Therefore, NR was an ideal technique to probe the derivatisation reaction 
described as optimised in Chapter 4, to discover if the reaction was surface specific or 
whether the polymer was homogeneously derivatised throughout. 
NR Measurements upon Conducting Polymers 
In this chapter, NR is used and augmented with data from Chapter 4 to determine 
both the overall populations and spatial locations of TFE groups incorporated into the 
film via derivatisation. 
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For NR measurements, the polymer films were deposited on large area (50 mm x 
100mm) thin film (20 nm) gold electrodes supported on single-crystal quartz or silicon 
substrates, as described in Chapter 2. When measuring poly(acid) films in water, the pH 
was adjusted to 2.0 using dilute HCI to ensure protonation of the carboxylate groups. NR 
measurements were performed on either the D 17 time of- flight reflectometer at the 
Institut Laue Langevin (ILL), France, or the CRISP time-of-flight reflectometer at the 
ISIS facility (RAL), U.K. Typically reflectivity was carried out at three angles in order to 
study a full range of momentum transfer (q) for each film. R(q) profiles from different 
angles were combined to generate R(q) spanning the range q = 0.06 - 1.5 nm-'. Chopper 
and slit settings were such that the q resolution was 3.5%. Model fitting ofNR profiles to 
Nb profiles was performed using the P ARRA T 32 software. In general, iterative model 
fitting was performed until 02 values for best fit models were in the range 0.7-1.45 for 
measurements in solution (measurements in air had higher 02 values due to the errors 
estimated by counting statistics being exceptionally low). 
6.2 Theoretical Background 
Specular NR experiments are performed usmg grazmg incidence angle 
illumination of the electrode/polymer film interface with a collimated neutron beam. The 
incident and reflected beams pass through either the substrate (quartz), or air. 
Transmission and reflectivity at the polymer/substrate, polymer/air, or polymer/solvent 
interfaces are governed by the Fresnel equations using the neutron refractive index of the 
various materials . Commonly, the neutron scattering properties or the various media are 
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expressed in terms of an Nb value of the polymer which is determined by its density and 
atomic composition. Nb is derived as shown in equation 6.1. 
Eqn.6.1 
In equation 6.1 , b i, p , and rmm are the scattering lengths of the various atoms, 
density and molecular mass of the repeat unit, respectively This can be related to the 
neutron refractive index in a similar way that the optical refractive index is related to the 
optical dielectric constant. Reflectivity can be plotted as a function of q in order to 
produce Reflectivity profiles. 
Reflectivity Profiles 
Typically, Neutron Reflectivity (NR) profiles exhibit a number of fringes 
representative of different areas and interfaces within a sample, and how neutrons interact 
with these layers. Fringe separation (d) = 2TT/iJ.q) An example NR profile is shown in 
figure 6.1. 
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Fig. 6.1 An example NR curve 
In order to extract quantitative information from NR profiles the general 
equations that describes the NR profiles in terms of volume fractions (cfJ) and Nbs of the 
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various component materials needs to be used Equation 6.2 shows how the N b of the total 
film is complied by the various states and interfaces contained within a sample. 
Nb film = rPacid .Nbacid + rPacid-TFE·Nbacid-TFE + rPmedium ·Nbmedium Eqn.6.2 
The 'medium' in equation 6.2 can be air or a solvent. The surface coverage 
r(=<t>avpdlmw), of the various components in the film can be calculated by integration of 
equation 6.1 across the thickness of the polymer film, d. This is shown in equation 6.3. 
fNbfi,m / N a = frPacid·Ibi acid P acid / mWacid + frPacid- TFE·Ibiacid-TFE P acid- TFE / mWacid- TFE + frPair .Nbair 
Eqn 6.3 
Equations 6.1 , 6.2 and 6.3 can be derived for each different environment the 
sample is subject to so that NR profiles can be calculated. For dry films, the manipulation 
is shown as equation 6.4 (since Nbair= 0). 
Eqn.6.4 
Equation 6.4 can be applied to both reacted and unreacted films by inserting r acid 
= 0, and by applying a mass balance equation when a poly(acid) film is reacted with TFE 
that states r acid + r acid-TFE in the reacted film is equal to r acid in the unreacted film. This 
manipulation is shown in equation 6.5_ 
f Nb reactedfil In f f Nb ulI-reactedfil In = 1 + r PyCOO-TFE f(r PyCOOH + r PyCOO -TFE )·(I bi ,pycOO - TFE f I b iPyCOOH - 1) 
Eqn. 6.S 
Equations 6.1-6.3 can be derived and calculated in order to plot Nb profiles that 
describe the volume fraction of air or solvent in the films, and distinguish between the 
volume of reacted and unreacted chains after derivatisation from solution density 
measurements. Derivations of these equations will be discussed alongside relevant data 
gained experimentally below. 
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Model Nb Profiles 
Scattering length density, Nb, profiles of the polymer films were calculated from 
measured NR data using iterative fitting techniques (P ARRA T6 software) based on a 
physical model. Here, the polymer was modeled using layers based upon three 
parameters These were thickness, d/A, scattering length density, Nb, and interfacial 
roughness, alnm. The model for each polymer interface was built up from adjacent layers 
(many layers are sometimes required because polymer composition changes as a function 
of depth, z), such that a good fit was obtained to the experimental data using the 
minimum number of layers. 
An example Nb profile is shown in figure 6.2. 
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Fig. 6.2 An example of model Nb profile. The black represents a multiple layer approach, and the 
red a single layer 
Characteristic changes in the reflectivity profile are shown upon figure 6.2, the 
change in layers within a sample is marked by a swift drop in Nb with respect to distance 
from the substrate. The swifter this drop, the smaller the interfacial roughness between 
layers. The black upon figure 6.2 is representative of when a multi-layer model is created 
in PARRA T. The definition of the layers, in this case, air, quartz, gold substrate and 
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duterated TFE derivatised poly(acid) is far sharper than in the case of the red trace, where 
only a single polymer layer is considered. 
6.3 NR Results and Discussion 
To probe the derivatisation within the poly(acid) and hydrolysed poly(PFP) films, 
NR was used to (firstly) determine the degree of homogeneity of the derivitisation 
throughout the films (i.e. whether there is a gradual decrease in functionalisation from the 
film surface to the bulk, or a marked buried interface between functionalised and 
unfunctionalised regions of the polymer). Secondly, it was used to examine how the 
internal microstructure and solvation of the derivatised films relates to the efficacy of the 
derivatisation reaction. 
NR measurements of the Derivitsation Reaction on poly(acid) films 
XPS and RAIRS spectra of derivatised films presented in Chapter 4 showed a 
clear increase in the proportion of derivatisation as the temperature of reaction was 
increased from room temperature to 50°C. To test whether this level of derivatisation was 
homogeneous throughout the film, or whether there was a gradient of amount of 
derivatisation that dropped with increase in z, NR was performed upon poly(acid) films 
before and after reaction. 
When probing the derivatised poly(acid) system using NR, it is possible to use 
deuterated or hydrogenous TFE in the derivatisation reaction. The presence of these 
isotopically different groups gives rise to characteristic differences in their NR profiles in 
regions of the film where the TFE groups are located. These differences are analogous to 
those which would occur in the (angle dependent) optical reflectivity of a multilayer film 
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if the refractive index of one of the layers were changed. To maximise the accuracy of 
conclusions drawn via comparison of NR profiles from separate h2-TFE- and d2- TFE-
films, it was necessary for the thickness, internal structure and degree of derivatisation of 
the films to be as similar as possible. Consequently, within NR results discussed here are 
measured NR profiles and model Nb fits that demonstrate that the electrochemical growth 
of the polymers used in the NR experiments produced films similar enough to be 
compared. 
Figure 6.3 shows shows the NR profiles (collected in air) for the poly(acid) films 
before and after reaction. 
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Fig. 6.3 Reflectivity profiles (dots) and model fits (lines) for two poly(acid) films before (black and 
green) and after reaction with either h2-TFE (red) or d2-TFE (dark yellow) * denotes significant 
differences in fits before and after reaction 
Figure 6.3 shows the NR profiles of two poly(acid) films grown under the same 
conditions before and after reaction with h2- or d2-TFE-based derivatisation vapours. The 
reacted profiles (black, green) are noticeably different to the unreacted profiles (red, dark 
yellow), particularly in the regions of approximately 0.55 nm- I (h2-TFE, *, red) and 
approximately 0.2 nm- I , 0.55 nm- I (d2-TFE, *'s, dark yellow). The difference in fringe 
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pattern from that of an unreacted film is largest for the d2-TFE derivatised film due to the 
higher Nb of the CD2 group compared to that of the CH2 group present in the TFE 
component of the derivatisation mixture. The model Nb profiles for the reacted films (red 
and dark yellow) are shown in figure 6.4. 
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Fig .6.4 (a) Model Nb fits to data of Figure 6.3. Unreacted films, black and green; reacted with h2_ 
TFE, yellow; reacted with d2_ TFE, red. (b) Estimation of volume fraction for acid-TFE component 
in poly(acid) film reacted with TFE. y-axis corresponds to the volume fraction of poly(acid) x 
Nbacid-TFE. 
Figure 6.4a shows that both reacted films (red, dark yellow) are thicker and have a 
higher Nb than the precursor poly(acid) (black, green) . Furthermore, the Nb profiles show 
that the unreacted films appear to be uniformly dense whereas in both reacted films, the 
Nb gradually decreases toward the polymer/gold substrate interface. This is consistent 
with a gradation in the functionalisation profile from being most derivatised at the outer 
interface and least derivatised at the gold interface, rather than derivatised films 
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exhibiting uniform functionalisation throughout. These data show that when derivatising 
the poly(acid) at 50°C, the reaction primarily is surface specific. 
The Composition of 50DC Reacted Films 
The overall extent of derivatisation reaction on a film can be calculated by 
integration of the Nb profiles of a dry film, before and after reaction (equation 6.5). This 
calculation for h2-TFE and d2- TFE derivatised films shown in figure 6.4 gives an overall 
reaction efficiency (throughout the film, not surface limited as previous data in Chapter 4 
has predominantly discussed) of 33% and 31 % respectively. Since an NR derived assay 
depends on model fitting to the measured NR data, RAIRS spectra were used for 
comparison to the model fits. Changes in magnitude of IR bands characteristic of the 
different components were calculated to make sure these data were consistent with the 
integrated Nb profile assay. RAIRS spectra of the specific films used here are shown in 
figure 6.5. 
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Figure 6.5 RAIRS spectra of poly(acid) before (dark yellow) and after reaction with d2-TFE (red) 
together with spectra of films discussed later; hydrolysed poly(PFP) reacted with d2-TFE (black), 
poly( ester) (blue) and poly-( acid) reacted with di-tert-butylcarbodiimide (green) 
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For the poly(acid)-TFE system (black), bands at 1715 cm- 1 and 1760 cm- 1 in the 
reacted film spectrum (red) are characteristic of both unreacted acid chains (yellow) and 
acid-TFE ester (blue) groups being incorporated in the reacted films (this is consistent 
with previous XPS and IR spectra shown in Chapter 4). Here, the change in the area 
under the acidic peak provides an estimate of the reaction efficiency that is similar to the 
NR derived values of 31 %. 
Figure 6.5 also shows the spectrum of a separate poly(acid) film that has only 
been reacted with di-tert-butylcarbodiimide (green). Here, the activated ester band is at 
1815 cm-I . This band is absent in the spectra of the reacted poly( acid) films and so it is 
shown that they contain only reacted and unreacted poly(acid) chains. 
Combining forms of equation 6.2 that are appropriate to the poly(acid)-d2 TFE and 
poly(acid)-h2TFE systems, the reacted dry film NR profiles of Figure 6.3 can be used to 
give the volume fractions of reacted and unreactived groups in a derivatised poly(acid) 
film. Similar calculations are used when measurements of a single film are made in 
different contrasts of a solvent, in order to extract the solvent volume fraction within a 
polymer matrix. However, since the calculations here involve measurements on 
physically different films some caveats apply; The films should have identical 
microstructures, thicknesses and functionalisation profiles. In the case of the data 
presented here, the reliability of this approach is supported by the similarity in the global 
extent of reaction for the two films (both in the NR and RAIRS results), the similarity in 
density and thickness of the two poly(acid) films before reaction, and the similarity in the 
thickness change after reaction. Thus, Figure 6.4b shows the variation in volume fraction 
of the poly( acid)-TFE component multiplied by the Nbacid-TFE as a function of depth 
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within the polymer film. The volume fraction of reacted chains is greatest at the surface 
of the film and decreases as it moves through the film towards the gold interface. Acid-
TFE volume fraction (<pacid-TFE) decreases at distances further from the exposed 
air/polymer interface. Using an estimate for Nbacid-TFE of 2.9x10.1 0 cm-2 derived from 
measurements of a poly( ester) film and monomer density measurements, the profile of 
figure 6.4b indicates that <pacid-TFE falls from a maximum of >60% at the interface to 
~35% at distances >5-10 nm into the film (although these are volume fraction 
measurements, they are consistent XPS results shown in Chapter 4). A further quantity 
that is of particular interest in the context of the derivatisation reaction is the free volume 
of air within the dry polymer films. This quantity can discern whether vapour phase 
molecules can penetrate deep into the polymer matrix in order to derivatise acid chains 
deep in the bulk. Although a neutron 'contrast' is not available for air for use in equation 
1, <pair can be calculated by the difference from 1 of <pacid +<pacid-TFE. As above, these latter 
two quantities can be calculated from the dry profiles using Nbpo1y(acid) and Nbpo1y(acid)-TFE 
estimates obtained from measurements described below. Thus, it can be estimated that 
<pair was 17% in the unreacted poly(acid) films and ~ 10%+/-5% in the bulk of the reacted 
poly(acid-TFE) films. The relatively large error associated with the <p poly(acid) estimate in 
the poly( acid)-TFE films is due to it being obtained from combination of four quantities, 
each of which are derived from model fitting to experimental data. 
NR Measurements in Water of Poly( acid) Reacted at 50 CC 
The derivatisation reaction is used to modify a hydrophilic poly(acid) surface and 
produce a relatively hydrophobic fluorinated surface. To study this reaction, a series of 
NR profiles for the variously reacted films immersed in water were collected. Knowledge 
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of the degree of water penetration into the polymer matrix could then be considered 
alongside the surface topography / roughness (discussed further in AFM results discussed 
in Chapter 7) in order to account for observed variations in contact angles (Chapter 4) . 
Furthennore, the presence of a medium inside the polymer film (H20 / D20) for which a 
neutron contrast was available can show changes in density (and hence derivitisation) that 
occur at different distances from the polymer / air interface. Due to the mUlticomponent 
nature of the TFE derivatised films and an anticipated lack of uniform distribution 
throughout the film, in order to provide comparative data, NR profiles were collected of 
films corresponding to the unreacted poly(acid), and poly(ester) films , a poly(ester) film 
was used represent a 100% derivatised poly(acid) film (data in Chapter 4 showed 
surfaces of poly( ester) and derivatised poly(acid) to be very similar). Figures 6.5a and b 
show the Nb profiles (in water) of a poly(acid) and of a poly( ester) films . 
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Fig. 6.5 Model fit Nb profiles for (a) poly(acid), (b) poly(ester), and poly(acid) films after reaction 
with (c) d2-TFE and (d) h2-TFE at 50 °C for 8 h 
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In figure 6.5 , the larger the difference between the polymer film Nb when 
measured in two isotopically different solvents, the larger the amount of solvent in the 
film. Conversely, if the measured Nb of the polymer film is the same regardless of the Nb 
of the solvent, then there is no solvent in the matrix. This is because H20 and D20 have 
significantly different Nbs . Solving equations 6.6 to 6.9 gives the volume fraction of H20 
and D20 within the films. 
Nb pyCOOD,D,O,jilm = f/JpycooD ·NbpycOOD + f/J\vGler .NbD,o Eqn.6.6 
NbpycOOH.H,Ojilm = f/JPyCOOH .NbpyCOOH + f/J\vGler .NbH,o Eqn.6.7 
Nb PyCOOD = 1.2SXNb PyCOOH 
f/JPyCOOH. + f/JWGler. = 1 
Eqn 6.8 
Eqn 6.9 
Figure 6.Sa shows that there is a significant amount of water (19%, data of this 
type are summarised in Table 6.1), uniformly distributed throughout the thickness of the 
po1y(acid) film. Figure 4.Sb shows that there is a minimal amount of water in the region 
of the po1y(ester) film near to the gold electrode substrate and that the film gradually 
becomes more solvated toward the surface; the average solvation is ca.S%. Usefully, 
from these measurements, Nbacid and Nbester values can be obtained if it can be assumed 
that the water effectively "wets" the polymer. In this respect, contact angle measurements 
(Chapter 4) suggest that whereas this is likely for the poly(acid) film, some residual air 
may remain in the interior of poly( ester) matrix when it is immersed in water (this would 
lead to an underestimate of Nbacid-TFE) . A comparison of the calculated solvent volume 
fractions of the polymer films tested is summarised in Table 6.1, after a discussion of the 
variously reacted films . The data and model fits corresponding to NR measurements (in 
water) ofpoly(acid) films reacted at SO DC with h2- TFE or d2-TFE and best-fit model Nb 
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profiles are shown in figures 6.5c and d. An indication that the derivatisation at 50 QC has 
proceeded to some extent throughout the film comes from the observation that the Nb 
values for the solvated polymer near to the gold substrate are different to those of the 
unreacted film (region marked "+" in Figure 4.5a-d). The HID exchange associated with 
the carboxylic acid groups in D20 means that in these systems, the largest differences in 
polymer Nb are between (i) Nbacid-d2TFE and Nbacid20 and (ii) Nbacid-h2TFE and NbacidD 
(Nbacid-h2TFE is similar to Nbacid and Nbacid-d2TFE is similar to NbacidO). Thus, TFE 
functionalisation is most noticeable in an Nb profile for the d2-TFE reacted film measured 
in H20 (Nbacid-d2TFE is higher than Nbacid) and the h2- TFE reacted film measured in D20 
(Nbacid-h2TFE is lower than NbacidD). These differences in polymer Nb also mean that the 
influence of greater functionalisation at the outer interface (as seen in the dry Nb profiles) 
can be seen most clearly in the Nb profiles of the acid-d2-TFE/H20 and acid-h2-TFE/D20 
systems. Here, at the solvent interface, the difference in Nb between the polymer layer 
and the solvent is greater than the difference in Nb between the polymer at the electrode 
interface and the solvent. In particular, the replacement of the HID exchangeable 
carboxylate groups by h2-TFE groups at the polymer interface leads to a noticeable dip in 
the Nb profile measured in D20 (region marked "*,, in Figure 6.5d). The presence of the 
HID exchangeable acid groups in the reacted film matrix complicates quantitative 
interpretation of the Nb profiles. However, using a knowledge of the overall film 
composition, it is possible to calculate the average volume fraction of water within the 
derivatised films from these profiles. For both the h2-TFE and d2-TFE films this is ca.10 
%, a level significantly lower than in the unreacted film, but significantly higher than the 
poly( ester) film (table 6.1). However, this decrease in water content is similar to that 
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which would occur based on the extra volume occupied by the TFE groups alone. This 
suggests that interactions with the residual carboxylic acid groups may still play a role in 
determining the overall solvation. A method to evaluate the water profile that avoids the 
complications of carboxylic acid HID exchange involves comparison of the Nb profile of 
the film after reaction in the dry state (e.g., red in Figure 6.4a) with that for the polymer 
immersed in H20 (e.g., red in Figure 6.Sd). This approach can be used because the 
thickness of both the dry and hydrated film are shown to be the same from the NR 
measurements, and consequently the difference between these profiles is proportional to 
the degree of aqueous solvation. Performing such calculations indicates that variation in 
solvation across the bulk of the film between the gold substrate and solution interface is 
small. Indeed, when inserting various water profiles into equation 6.1, it was found that in 
order for the acid-TFE : acid ratio at the solution interface to be larger than that than at 
the gold substrate interface (as also indicated by the XPS measurements) the solvation 
near the solution interface needed to be only slightly below that at the polymer I gold 
substrate interface. 
NR Characterisation of poly(acid) Reacted at Room Temperature 
Having found that the elevated temperature reaction conditions lead to a gradual 
decrease in functionalisation with depth and a uniform solvation profile, the case of 
whether profiles of a similar form existed when room temperature (RT) reaction 
conditions were used instead was investigated. This was to determine whether the overall 
extent of derivatisation was significantly less, and whether there was a sharper boundary 
between derivatised and underivatised regions of the film. Figure 6.6 shows the Nb fits 
for poly(acid) films in water, after derivitisation with h2- or d2-TFE at room temperature. 
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Fig. 6.6 Model Nb profi les that provided the best fits to the refl ectivity data (measured in water) of 
poly(acid) fi lms reacted with (a) d2TFE or (b) h2TFE, at room temperature 
Figure 6.6 shows that in the region near to the gold substrate (marked "+") the Nb 
profiles of the reacted films are similar to those of the unreacted poly(acid) film (region 
marked "+" in figure 6.5a), and that at the solution interface (region marked "*,, in figure 
6.6) the Nb values are markedly different than those in the bulk. There are two possible 
variations in the film structure or composition that could account for the polymer phase 
Nb near the solution interface being different to that in the bulk. These are (i) a lower 
solvent volume fraction is present within the polymer and / or (ii) there is a decrease in 
the quantity of carboxylic acid groups with exchangeable protons near the 
polymer/solution interface. Both of these possibilities are consistent with a variation in 
compositional profile in which the extent of derivatisation is greater at the solution 
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interface. Thus, these observations provide further evidence that even for films that are 
<50 nm thick and have been exposed to reactant vapor for a significant period of time (8 
h), the extent of the derivatisation is restricted to a region of the polymer film close to the 
exposed interface. As noted above when discussing the data from the 50 QC reaction, the 
differences in Nb profiles are most noticeable in the profiles for the acid- h2-TFE/D20 
and acid-d2-TFE/H20 systems. If both reacted films had identical microstructures, 
thickness and functionalisation profiles, except for the WD substitution of the TFE 
motifs, there would be sufficient data in figures 6.6a an b to extract the volume fraction 
profiles for water and the two polymer components, however such manipulations can be 
somewhat unreliable. This is because small variations between the two films can bias 
such results in an unknown manner, especially when constraint-free model fitting is used. 
However, using manipulations of equation 6.2 applied to the measurements shown in 
figure 6.6 it can be suggested that the volume fraction of water in the reacted films falls 
from ca.17% at the Au interface to ca.8% at the solution interface This can be shown 
upon use of equations 6.3 and 6.4, and figure 6.7 can be produced. 
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Fig. 6.7 Volume fraction of water in RT reacted poly(acid) calculated using equations 6.3 and 6.4 
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Furthermore, cPacid-TFE extracted from these manipulations provides supporting 
evidence that under these reaction conditions, the derivitisation has been limited to the 
outer part of the polymer films. Equations 6.1 and 6.2 can be used to represent this 
graphically, in figure 6.8. 
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Fig. 6.8 Volume fraction of acid-TFE times N bacid.h2TFE (i.e. a quantity linearly proportional to the 
volume fraction of acid-TFE) in RT reacted poly(acid) 
Evaluation o/Component Volume Fractions Within poly(acid) Be/ore and After RT 
Reaction 
A method to calculate the average volume fractions based on the Nb profiles of a 
single film was formulated. This was done by integrating equation 6.1 for the D20 and 
H20 based Nb profiles and combining these equations with a 'mass balance' type 
expression for the overall composition of the films based on the dry state Nb 
measurements (which indicated 33% of the acid chains had been functionalised with 
TFE). Equations 6.9 and 6.10 are integrations of equation 6.1 for D20 and H20 based 
profiles. Equation 6.11 is a combination of these two equations with a 'mass balance' 
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type expression for the overall composition of the films based on the earlier dry state Nb 
measurements . 
The factor of 1.25 in. equation 6.10 is a consequence of the D/H substitution 
giving NbacidD = 1.25 * Nbacid. By substitution of equation 6.11 into each of equations 6.9 
and 6.10, together with a knowledge of the film thickness, the average value of <Pwater for 
each film was estimated. Further manipulations of these equations, together with an 
estimate of Nbascid, yielded the average volume fraction of the acid component. This is 
52% and 50% for the d2-TFE and h2- TFE reacted films respectively. <Pacid-TFE was then 
calculated by difference as approximately 39%, which in turn lead to an estimate for the 
Nb ofthe TFE ester (Nbacid-TFE) of approximately 2.9 x 10-10 cm-2. 
These results, and those from earlier discussion of volume fractions are 
summarised in table 6.1. 
Average 
Average Cl> water Average Average Reaction 
Polymer (CI>air, dry) Cl> acid Cl>acid-TFE Efficiency 
Poly(acid) 19% (1 7%) 
Hydrolysed poly(PFP) 60% [- 50%} 
Poly(acid-TFE) from 
acid-TFE monomer 5% (- 5%) 
Poly(acid) reacted at 
RT 16% 62% 22% 19% 
Poly(acid) reacted at 
50° C 10% (1 0%) 50% 39% 33% 
Hydrolysed poly(PFP) 
reacted at 50° C 45% (-50%) 20% 35% 49% 
Table 6.1 Volume fractions and reaction efficiencies for unreacted and reacted poly(acid ) and 
poly(PFP) films 
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The non-polymer volume in the dry films is less than that when the films are 
immersed in water, i.e., immersion in solvent swells the polymer. For instance, 
approximately 16% of the volume in the dry unreacted polymer is air and in when 
immersed in water the solvent volume fraction increases to approximately 19% as a result 
of the film swelling uniformly by ca.15%. However, the significant decrease in the 
amount of water within the film after derivatisation may be a consequence of both the 
hydrophobic nature of the TFE groups and the film polymer chains / microstructure not 
being able to undergo further swelling-type reorganisation after they have reacted with 
TFE. Indeed, it is notable that although the dry film thickness increases by ca.l5% after 
the vapor phase reaction, there is negligible further swelling on immersion in water. 
Structural Profiles for poly(acid) Reacted under Different Conditions 
The results from the NR measurements described here provide evidence as to 
what the prime cause of the limited overall extent of reaction (after reaction times of 
several hours). The similarity of the solution-phase reaction results (Chapter 4) to that of 
the vapour phase reaction at 50 QC shows that the lack of solvent does not impede the 
vapour phase reaction. This suggests that the ultimate limitation on derivatisation may be 
due to the inaccessibility of carboxylic acid chains deep in the bulk of the film. The 
composite figure 6.9 overlays selected Nb profiles from figures 6.6 and 6.7. 
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Figure 6.9 Composite figure showing selected Nb's of poly(acid) before (black) and after reaction 
at room temperatu re (red) and 50 °C (green). Top panel h2-TFE reacted films in 0 20 , bottom 
panel, dr TFE reacted films in H20 
The profiles in figure 6.9 show that the vapour phase derivatisation reaction upon 
poly(acid) films is initially confined to the exposed interface, after which a more 
homogeneous functionalisation occurs deeper into the film. Nevertheless, even the outer 
regions of the film do not become fully derivatised. A possible limitation on the extent of 
derivatisation due to constraints on access of reactant molecules to some regions of the 
polymer matrix should be viewed in the context of volume fractions determined from Nb 
profiles of the reacted films. These suggest there is still free volume available within the 
reacted polymer matrix . It may be, however, that the polymer chains cannot unfurl and so 
make use of this volume as the film IS progressively functionalised 
(electropolymerisation of the poly( ester) mono mer is straightforward implying there is no 
intrinsic steric impediment to a fully functionalised film). To investigate whether making 
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a polymer film with a more open internal microstructure could influence the overall 
extent of reaction deeper in the film, poly(acid) films were produced by hydrolysis of the 
poly(PFP). 
6.3.2 Reaction of TFE Vapor with poly(acid) Prepared from Hydrolysis of 
poly(PFP) 
XPS measurements in Chapter 4 showed that when an acid wash and 50 °C 
reaction conditions were used, the functionalisation of the exposed interface of a 
hydrolysed poly(PFP) film was almost 100%, and reduced to ~20% towards the substrate 
interface. From NR measurements, the Nb fits of figure 6.10 show that hydrolysis of the 
initially deposited poly(PFP) film leads to a large decrease in the overall film thickness. 
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Figure 6.10 Nb profiles for dry films of a poly(PFP) film as deposited (black); after hydrolysis (red) 
and after subsequent reaction with d2- TFE (green). 
The density profiles of the as deposited and hydrolysed poly(PFP) films suggest 
that their outer interface is significantly more diffuse than as deposited poly(acid) films 
(black and green, figure 6.4a). Significantly, no offspecular scattering was seen, 
193 
Philip E. Pearson Ph.D. Thesis Chapter 6 
indicating that the hydrolysis of the film did not lead to a break up of the film or micron 
scale surface roughening. AFM measurements (Chapter 7) show that the clusters of 
polymer in poly( acid) are much smaller and more densely packed than in the poly(PFP) 
films , both before and after derivatisation. Despite the greater diffuseness of the 
hydrolysed polymer, comparison of the Nb profiles before and after reaction (red and 
green, figure 6.10) indicate that the film still swells when TFE is incorporated. The 
observation that it does not reach the same thickness as the initial, unhydrolysed 
poly(PFP) film suggests that there is potential for further functionalisation within the film 
under different reaction conditions. Integration of the dry Nb profiles of figure 6.10 
indicates that the overall extent of reaction is 49%, significantly larger than the 33% for 
the poly(acid) films (table 6.1). The greater diffuseness of the exposed interface of 
hydrolysed poly(PFP) films, compared to those of poly( acid) is also evident in the Nb 
profiles of the films immersed in H20 and D20 . This is shown in figure 6.11. 
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Fig. 6.11 Nb profiles for hydrolysed poly(PFP) films (a) before reaction (film A); (b) after reaction 
with drTFE, and (c) after reaction with h2-TFE 
While the solvation at the gold substrate interface is similar to the value 
throughout the thickness of the unreacted poly(acid) films (figure 6.6a), the bulk and 
solution interface are much more solvated. The average value for <Pwater is approximately 
60% (table 6.1). Figures 6.11b and c shows that the solvent volume fractions within the 
reacted films are similarly non-uniform. This gradation between the gold / polymer and 
polymer / solvent interfaces is much greater than for the unreacted poly(acid) system and 
it can be calculated that on reaction, the average <Pwater falls from ~60% to ~45%. Here, it 
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is not possible to extract the shape of these volume fraction profiles from the available 
NR data because the two reacted films are too different in thickness. However, we know 
from a combination of the XPS, RAIRS and integrated Nb measurements that although 
the reaction is almost 100% toward the outer interface, the broard, linear change in the 
H20 and D20 Nb profiles of figures 6.11 a-c suggests that the composition within the film 
also changes in a broad, linear fashion from approximately 100 poly( acid)-TFE : 0 
poly(acid) at the polymer / solution interface to approximately 25 poly(acid)-TFE : 75 
poly(acid) at the gold substrate electrode / polymer interface. To conclude the NR 
structural studies of these films, a brief investigation using DMSO was carried out to see 
whether the functionalised film was similarly solvated by an organic solvent as by water. 
This showed that there was little difference in solvation in the two media, an observation 
that is consistent with deductions made about he hydrophobicity of the reacted, 
hydrolysed poly(PFP) films from contact angle measurements in Chapter 4. 
6.4 Summary of the Overall Extent of the Derivatisation Reaction 
A combination of XPS and RAIRS measurements have shown that the extent of 
derivatisation reaction of thin poly(acid) films is limited to - 33%, whether the reaction is 
performed using vapour phase reagents at an elevated temperature, or in solution. NR 
measurements of films prepared by performing the derivatisation reaction at room 
temperature, showed that the initial stage of this reaction is confmed to the outer interface 
before progressing towards the substrate. NR shows that after reaction, although the void 
space within the polymer noticeably decreases, there is still a significant volume that 
could be occupied by other species (solvent or vapour molecules). Furthermore, an 
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increase in the vapour concentration by a factor of ~6 only results in a 50% increase in 
the extent of reaction. This suggests that a reaction limit is imposed by a need for buried 
polymer chains to being unfurl in order to accommodate the volume occupied by TFE 
moiety and / or regions of the polymer being too dense to accommodate the diffusion of 
reactant species. NR, RAIRS and XPS show that a significantly greater extent of TFE 
functionalisation can be obtained by preparing more diffuse (as shown by NR 
measurements) poly(acid) films through hydrolysis of pre-deposited poly(PFP). 
However, the more open structure of these films means that these films have a higher 
degree of solvation and poorer hydrophobic properties than found for the TFE 
functionalised, as-deposited poly(acid). Data from films studied via the Tougaard 
technique for the study of XPS backgrounds in Chapter 5 showed that thin films such as 
those used here had fluorinated groups towards the surface of the films, with the Carbon 
more pronounced deeper into the bulk. These data support there being a greater degree of 
derivatisation towards the surface of the films, with the un-flourinated polymer chains 
being present deep towards the substrate. The data from the study of the XPS 
backgrounds supports that produced via NR. 
All of the data discussed in Chapters 4 and 6 shows that the derivatisation reaction 
is, primarily, a surface specific one. Through hydrolysis of a poly(PFP) film, 100% 
surface derivatisation can be achieved. However this effect cannot be produced 
throughout a film. This would lead to any further patteming experimentation on this 
system being a surface specific modification technique, although the bulk of the film is 
not unaffected, it is not derivatised to nearly the same extent as the surface layers. This 
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could be useful to the process, as certain beneficial bulk polymer properties could be 
maintained, whilst the surface gained desirable areas of functionality. 
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Chapter 7 - Conducting Polymer Morphology and Swelling in 
Solvent Media Measured Using Atomic Force Microscopy 
7.1 Conducting Polymers and AFM 
Atomic Force Microscopy (AFM) is a technique that has been used widely to 
study the surface morphology, roughness, and thickness of many types of materials, 
ranging from metals l to polymers2. It has been shown3,4 to be an ideal technique for the 
study of the surface morphology of pyrrole-based conducting polymers, such as those 
studied here. Also, AFM is a sensitive technique that can be used to measure accurately 
the thickness of polymer films 5. This is most effectively achieved by generating a clearly 
defmed interface between the polymer and substrate by using a masking technique, 
scratching the polymer to the substrate surface or by removing a section of polymer using 
adhesive tape. The AFM technique can also be adapted to allow the study of polymer 
films in solution6. Thus changes in film thickness (solvation) and morphology can be 
studied as a function of both solvent and electrochemical perturbation. These data can 
then be compared with data from analogous techniques, such as the NR data ·discussed in 
Chapter 6, and the contact angle data discussed in Chapter 4. The aim of this study was to 
develop the experimental methodology to study thin-film conducting polymer materials 
using non-contact (resonant mode) AFM in a "wet" solvent environment. The AFM 
provides a direct measure of film thickness and so comparison of wet and dry 
measurements offers insight into the solvation (volume fraction) environment of the film. 
Such data were obtained for similar materials using NR measurements but the film 
thicknesses and subsequent information about volume fraction were obtained indirectly 
by numerical modeling. Here the aim was to use the AFM technique in conjunction with 
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NR data and as a means of verifying the physical modes used. The longer term 
motivation here was to combine real-time AFM imaging of the polymer edge with 
electrochemical control of the polymer by potential scanning of the underlying substrate. 
Consequently film thickness and morphology can be monitored as a function of time and 
potential. The technical issues associated with the tip control and potential control are not 
trivial, however, but recently, progress has been made in similar experiments on similar 
polymer films involving time-resolved NR under electrochemical control'. Our 
motivation was to combine data from both NR and AFM experiments to learn more about 
the electrochemically driven changes in surface morphology and bulk solvent/ion 
populations. 
7.2 Experimental Methodology and Image Manipulation 
Conducting polymers were grown upon gold-coated glass working electrodes 
according to the method described in Chapter 2. As the AFM probe moves back and forth 
across the sample an image of the surface is compiled line by line after each scan is 
completed, creating a height map of the sample. Figure 7.1 shows two polymer surfaces; 
figures 7.1a and b are a sample ofa 15x15 !lm sample ofpoly(acid), and figures 7.1c and 
d a lOx10!lm sample of poly(PFP). The notable difference between the two polymer 
surfaces is that the poly(PFP) surface exhibits a distribution of larger surface features. 
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Fig. 7 .1 c (left) and d (right) A 1 Ox1 Ol-lm sample of poly(PFP) top down and at an angle 
In order to determine film thickness, a clearly defined edge between the polymer 
and the electrode surface was created by removal of a portion of the polymer film using 
adhesive tape. Removal of the tape from the surface created a tear in the polymer such 
that a sheer was generated. This technique enables unambiguous determination of film 
202 
Philip E. Pearson Ph.D. Thesis Chapter 7 
thickness from a line scan across the edge between the underlying substrate and the 
polymer film. 
For images incorporating a polymer edge, lateral plane fitting manipulation was 
subsequently performed upon the substrate area of the image, and the height of the 
substrate plane was arbitrarily defined at 0 nm. This manipulation was performed in order 
to compensate for drift in images caused by the pietzo motors that drive the AFM 
cantilever. 
The process by which an image is captured via scanning a sample with the AFM 
probe and manipulated into a 3D graph of the surface is described below. These 
processes include; 
• Identification of sample area 
• Scanning mode, and tip selection 
• Data collection 
• Presentation and quantification 
Dry Sample Thickness Determination 
The AFM scanning head was fitted with a camera. This made it possible to record 
a high resolution optical image of the top of the probe cantilever and the sample area 
immediately beneath, and thus select a suitable area of the sample to image. Figure 7.2 is 
an optical photograph of a poly(acid) film / gold substrate boundary. 
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Polymer Film 
Sampled Polymer Edge 
Gold Substrate 
Fig. 7.2 AFM Camera image of a poly(acid) / gold interface 
When identified as a suitable area to sample, an image consisting of a square 
region (512x512 lines), was taken over an area of the sample 20x20llm across the 
polymer / substrate edge within the red circle shown in figure 7.2. In figure 7.2, the 
lighter area on the left of the boundary is the gold substrate, and the darker portion to the 
right the polymer. 
Figure 7.3 shows the sample polymer edge height image captured via the AFM; 
figure 7.3a is a top-down representation, and figure 7.3b the same image, but rotated to 
an angle that clearly shows the polymer edge. 
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5 10 15 
600.0 nm 
Fig 7.3a A top-down representation of a 20x20~m portion of a substrate / poly(acid) 
boundary, and b, A 3D representation of a 20x20~m portion of a substrate / poly(acid) boundary 
Figures 7.3a and b have a colour gradient to indicate height differences in the 
imaged sample, and begins at red for the lowest area (substrate), moves through orange 
and yellow and ends at pink for the highest areas (polymer surface). These figures show 
the image of the film collected by the dry AFM tapping mode technique. After plane-
fitting, a substrate height manipulation was performed. Subsequently, a number of cross-
section across the film (in the x direction of figures 7.3a and b) were taken, showing 
relatively uniform heights of the polymer across the sample. To make sure that the 
sample chosen was representative of the polymer, similar size samples from across the 
polymer edge were imaged, and the polymer shown to have grown relatively unifonnly 
across the electrode, with minimal height differences across the film. 
Figure 7.4 shows line plots of the poly(acid) film show in figures 7.3a and b, there 
are 512 scans of data collected across the polymer edge, so four evenly spaced cross-
sections were selected to ensure the sample was fully represented. 
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Fig. 7.4 Cross-sections across the 20x20jJm poly(acid) sample. Scan 1, black, scan 150, 
yellow trace, scan 300, blue, scan 450, red 
Figure 7.4 shows that after the process of plane fitting the substrate had 
successfully moved the height of the substrate to an arbitrary Onm. Also, it shows that 
across the sample, the polymer film is of a very similar thickness. 
Figure 7.5 shows a 3D map of the same surface, with a colour gradient to show 
the height of the sample at each data point. 
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The colour gradient in figure 7.5 ranges from dark blue at a height of Onm to red / 
orange at 800nm. 
Figure 7.6 shows graphically the calculated mean height of the polymer surface. 
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Fig . 7.6 Graphical representation of the Poly(acid) mean height. Red trace- mean of means, black 
trace - mean height 
The mean height of the polymer film was calculated from the height of each 
polymer surface data point by the following procedure; 
• Each line shown on figure 7.5 scans across the polymer edge. Each scan consists 
of 512 data points 
• The first 300 data points of each scan consist of substrate surface. These are 
excluded 
• The remaining 212 data points are polymer surface, and the mean of these points 
represents the average polymer height of that scan 
• The average of means across the 512 scans is therefore the mean polymer height 
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On figure 7.6 is a graph of the means of each of the 512 scans isjoined by a red trace. 
The average of the means (average polymer height) is represented by the horizontal black 
line, at approximately 554nm. 
The red trace on figure 7.6 shows a variation in height across the polymer surface. 
However, figure 7.7 represents the means of each scan as a function of total height; 
where % Variation of surface height = (line mean/average height) x 100. 
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Figure 7.7 A graphical representation of the percentage difference of each scan line's mean 
height compared to the polymer surface mean height. Blue, % difference, black, 0% 
The maximum + / - % variation in polymer height shown by the blue trace in 
figure 7.7 is approximately + / - 3.5%. This shows show the film height varies by only a 
very small amount as a function of average height. 
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Wet Sample Thickness Determination 
Images of the polymer surfaces whilst 'wet' (submerged) in liquids were obtained 
via the use of the wet scanning head and a different tip on the AFM probe. Wet AFM has 
issues associated with it that make it a more difficult scientific technique to conduct than 
dry AFM. Laser alignment to line up the area to be imaged is much more difficult, due to 
matching the refractive indices of not just air (as in dry AFM), but also the solvent that 
the experiment is conducted in. A different scanning head has to be employed to protect 
and isolate the electrics driving the cantilever. The tip has to be manually tuned. In air, 
the tip used resonates at approximately 350kHz. In liquid, the tip is dampened by the 
viscosity of the liquid, and resonates at a lower frequency of approximately 18 kHz. The 
method for image capture was identical to that of the dry image, however a more robust 
' contact' mode tip replaced the 'resonant' mode tip used in the dry measurements, 
resonant mode AFM was still applied. Liquids used to swell the polymers were water, 
Propylene Carbonate (PC) and an ionic liquid, based on an eutectic mix of choline 
chloride (Ch Cl) and ethylene glycol (Eg) in the ratio 2Eg : ChCl. Formulation and 
properties of similar liquids are described in the literature?, synthesized by combining 
ethylene glycol and choline chloride in a 2:1 ratio and applying heat (the commercial 
name for this liquid is Ethaline8) . Polymers were immersed in these liquids with and 
without electrolyte, to see how much the film thickness differed when swollen. PC was 
chosen due to a low level of volatility (if the liquid over the polymer evaporates as the 
AFM scans across the surface, inaccuracies in the image would make thickness 
determination more problematic) . PC is an ionic solvent used as a solvent for organic 
reactions9, and in such industrial uses as in batteries as a high permittivity component of 
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the electrolyte 10,1 1 . Ethaline is an ionic liquid, and as such has a negligible vapour 
pressure. Ionic liquids are liquids that only contain ions, and which have only negligible 
vapour pressure. Recently, a lot of interest has been generated in the field of 
incorporating ionic liquids into systems such as biocatalysis 12 and electropolishing 8. 
After imaging the dry polymer / substrate edge, a wet image was captured for 
comparison, and then upon re-drying, a third image of the same border was captured to 
examine whether the film relaxed and de-swelled to approximately the same thickness as 
before it was wet. Figure 7:8 is an example of a poly(acid) film that has been imaged dry, 
then in water with electrolyte (O.IM LiCI04) , and then dried again. 50 scans of each 3D 
image were taken and presented upon the same axis, so visual representation of how the 
film swells in the solution, and the polymer height differs is presented. 
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Fig 7.8 Poly(acid) film 3D graph, with boundaries of (from right to left) dry, wet and dry again 
A single line of each image was taken and used for another 2D cross-sectional 
representation ofthe height differences of the film in each state (figure 7.9). 
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Fig . 7.9 A Poly(acid) film when dry, blue, when wet , red , and when dry again , green 
Figures 7.8 and 7.9 show that the poly(acid) film has an initial thickness of344.62 
nm, swells in solution to a thickness of 487.47 nm, and upon drying returns to a thickness 
of 344.25nm. This shows a mean swelling of 41.47%. 
Another 3D graphical representation of a film treated in the same was as the 
poly(acid) film in figures 7.8 and 7.9 is shown in figure 7.10. Figure 7.10 shows a 
poly(pyrrole) film that has been has been imaged when dry, when swollen in water with 
electrolyte, and when dry again. Here, the height variation is 90.6%. 
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Fig 7.10 Poly(pyrrole) film 3D graph, with boundaries of (from left to right) dry, wet and dry again 
7.3 Results and Discussion 
The mean wet / dry thicknesses of a range of polymers examined is presented in 
table 7.1. Values shown within the table are representative of each film. At least 4 sites 
per polymer film were sampled to ensure that the film had grown unifonnly and to 
minimize error. Poly(acid) and poly(PFP) were swollen in all three solvents (water, PC 
and Ethaline) with and without electrolyte, and poly(pyrrole) and PEDOT were swollen 
in water and Pc. 
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Dry Estimated Wet Estimated Re-Dry Estimated 
Thickness Error Thickness Error Thickness 
Polymer (nm) (nm) .(nm) (nm) (nm) 
Poly(acid) 196 7 238 15 203 
Poly(acid) with electrolyte 345 12 487 22 344 
Poly(PFP) 197 7 205 14 189 
Poly(PFP) with electrolyte 173 10 189 10 175 
Poly(pyrrole) 64 4 74 5 51 
Poly(Pyrrole) with electrolyte 151 6 287 14 146 
PEDOT 357 13 525 23 441 
PEDOT with electrolyte 412 15 685 31 400 
Poly(acid) 468 18 514 25 461 
Poly(acid) with electrolyte 470 17 535 24 463 
Poly(PFP) 262 15 206 13 255 
Poly(PFP) with electrolyte 281 11 239 12 287 
Poly(pyrrole) 251 8 291 14 260 
Poly(pyrrole) with electrolyte 313 14 379 16 325 
PEDOT 525 14 584 31 535 
PEDOT with electrolyte 620 25 737 40 622 
Poly(acid) 484 14 517 21 460 
Poly(acid) with electrolyte 363 10 498 15 371 
Poly(PFP) 63 2 77 7 62 
Poly(PFP) with electrolyte 76 4 91 9 72 
Table 7.1 Film Thicknesses Under dry, wet and re-dried conditions as derived from AFM. 
Red data, solvent = water, blue data, solvent = PC, black data, solvent = Ethaline 
Errors in table 7.1 were found by estimating the deviation from the mean of each 
measured film thickness. This deviation is a feature of the roughness of the film, and 
incorporates instrumental error, which is very small. Table 7.2 shows the percentage 
swelling of each film in each solution, the errors in table 7.1 are combined and rounded to 
give an estimated error for the data shown in table 7.2. 
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% 
Polymer 
% Polymer Estimated De- Estimated 
Polymer Swelling Error (%) swelling Error (%) 
Poly(acid) 22 2 17 2 
Poly(acid) with electrolyte 41 3 42 3 
Poly(PFP) 4 0 8 1 
Poly(PFP) with electrolyte 9 1 8 1 
Poly(pyrrole) 16 2 43 5 
Poly(Pyrrole) with electrolyte 91 8 96 7 
Poly(PEDOl) 47 4 19 2 
Poly(PEDOl) with electrolyte 66 5 71 6 
Poly(acid) 7 1 12 1 
Poly(acid) with electrolyte 37 3 34 3 
Poly(PFP) 23 3 23 3 
Poly(PFP) with electrolyte 21 2 26 2 
Poly(acid) 10 1 12 1 
Poly(acid) with electrolyte 14 1 16 1 
Poly(PFP) -22 2 -19 2 
Poly(PFP) with electrolyte -15 1 -17 1 
Poly(pyrrole) 16 1 12 1 
Poly(pyrrole) with electrolyte 21 1 17 1 
PEDOl 11 1 9 1 
PEDOl with electrolyte 19 3 18 3 
Table 7.2 % Swelling of each polymer in solution . Red data - solvent = water, blue data - solvent 
= PC, black data - solvent = Ethaline 
All the films tested returned to approximately their original dry thicknesses once 
redried subsequently to swelling in solution. This showed that once all solution and 
electrolyte had been removed from the film, all of the films were robust enough to relax 
to their original states. 
In order to probe the extent of polymer solution/swelling, a series of polymers 
was chosen including both hydrophobic and hydrophilic characteristics together with the 
same interconnected species. These polymers were examined in combination with both 
hydrophobic and hydrophilic (polar) solvents. 
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Three of the four polymers examined in this study are based on poly(pyrrole). The 
poly(pyrrole) repeat unit has a polar N-H group that is quite hydrophilic. It also has an 
aromatic hydrocarbon backbone which is generally hydrophobic. Consequently, 
poly(pyrrole) is neither strongly hydrophobic or hydrophilic. Poly(pyrrole) sparingly 
soluble in water, however by altering the substituted functional groups on the sidechains 
ofpoly(pyrrole), the polymer can be made more hydrophobic, or more hydrophilic. The 
poly(acid) polymer has the same structure as the poly(pyrrole), however a carboxylic acid 
group has been substituted onto sidechains. This makes the polymer extremely 
hydrophilic, supported by the very small / wetting contact angle water exhibits on the 
surface. By substitution of the large pentaflourophenol ring onto the sidechains and 
producing poly(PFP), the polymer is made very hydrophobic, again supported by the 
large advancing contact angle water makes on the film surface. Fluorinated polymers 
often exhibit hydrophobic properties, such as PTFE 13. PEDOT is also a hydrophilic 
polymer, although not as much as the poly(acid). It also exhibits a different parent 
polymer (thiophene), so AFM experiments were conducted on PEDOT for a comparison 
between the two parent polymers, however PEDOT had been shown in the literature to 
swell l4 in solution. So, by studying the degree to which the poly(pyrrole) films spread, 
and comparing it to when the backbone is changed to make the polymer more or less 
hydrophilic, and how the volume fraction of the film changes is of some interest. 
Poly(pyrrole) has the greatest solvent fraction of all the films when swollen in 
H20 and Pc. This could be due to the poly(pyrrole) film having oxidised in air prior to 
the addition of solvent. Poly(pyrrole) swells to the greatest extent of any film in H20 (by 
90.60%), and to a lesser extent in PC (20.98%) when electrolyte is included in the 
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swelling solution. The film swells to a greater degree when electrolyte is included as the 
volume fraction incorporates electrolyte as well as solution. The more hydrophilic 
poly(acid) film swell to a large degree (41.45% in H20 and 13.84% in PC), as it's 
hydrophilicity allows energetically favourable the polar solvents to permeate into the 
film. It has a smaller solvent fraction that that of the poly(pyrrole), however. The 
poly(PFP) is hydrophobic, hence it is energetically unfavourable for the polar H20 and 
PC to permeate into the film. This is reflected in the much lower degree of swelling 
shown (8.99% in H20 and the film actually contracts in PC). PEDOT is also hydrophilic, 
and swells to a greater degree than the poly(acid). 
In Ethaline, both the poly(acid) and poly(PFP) swells, the acid more so than the 
PFP with electrolyte included. 
Results from the NRS experiments (Chapter 6) show that the air fraction in the 
poly(acid) films was 17%, with 19% of the film being water (i .e.volume fraction) when it 
was incorporated into the film. This is a similar amount to the 21.78% swelling that the 
poly(acid) film swells in water during the AFM experiment. The poly(PFP) has a greater 
air fraction once hydrolysed back to the poly(acid), however the films' inherent 
hydrophobicity prevents as much swelling in the AFM experiment as this. 
7.4 Film Thickness Morphology Dependence 
A feature of poly(PFP) that was studied via AFM measurements was how film 
thickness affected the morphology and surface roughness of the film. Thin films (ca 
<100nm) were normally relatively smooth, and exhibited a flat, uniform surface. Thick 
films (ca. >450nm) had developed a larger quantity of surface features due to the greater 
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amount of polymer growth. These features manifested as large folds or creases on the 
polymer film, creating a rather un-uniform surface exhibiting many areas of large height 
difference, across the sample. This was found to be a function of electrochemical growth 
speed and the quantity of growth cycles. Polymers grown quickly for few cycles grew 
into thin, smooth films , and slow scan rates, leaving the polymer growing for longer, and 
a greater number of scans developed these thicker, folded films . Figure 7.11 shows two 
top-down 30x30llm samples of poly(PFP) films, to show the difference in appearance of 
a thicker and thinner poly(PFP) sample. 
Fig. 7.11 Left, a 30x30\Jm top-down view of a sample of thin poly(PFP), right, a 30x30\Jm top-down 
view of a sample of thick poly(PFP) 
A notable feature of the thicker poly(PFP) films was their reduced swelling in 
water (approximately 1 %), with or without electrolyte. This is due to these folds of 
polymer having a great quantity of space trapped undemeath the surface (rather than 
space within the polymer bulk), and rather than being absorbed into the film and swelling 
it, the water was simply filling this space. NR measurements (Chapter 6) had shown 
poly(PFP) to have a larger volume fraction than the poly(acid) due to the large, bulky 
pentaflourophenol groups preventing poly(PFP) chains from growing as close together as 
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poly(acid) chains, but these folds increased the volume fraction even more. Also, it was 
found that thicker poly(PFP) films (and indeed thicker films in general) proved far less 
susceptible to the derivatisation reaction when tested via XPS. 
Figures 7.12 and 7.13 show 3D graphs and cross-sections of a thick poly(PFP) 
film. Figures 7.14 and 7.15 show cross-sectional line traces of a thin film. 
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Fig 7.12 A thick 30x30IJm poly(PFP) film 3D Fig 7.13 A thick poly(PFP) film 20 cross-
graph section line graph 
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Fig 7.15 A thin poly(PFP) film 20 cross-section 
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This effect of growth conditions, thickness and morphology of films such as poly 
(PFP) is being investigated currently with a series of scheduled experiments. Applications 
for neutron beam time to investigate the variation in volume fraction of the films, and 
XPS time to investigate fully how the film reacts to various experiments are scheduled as 
a continuation of this study. 
Chapter 5 detailed a study of XPS backgrounds of polymer films , glvmg 
approximate film thicknesses from the application of the Tougaard technique for the 
study of XPS backgrounds. The technique showed the thinner film studied to be between 
5-50nm thick, and the thicker film to be in excess of 50nm. The thicker film also showed 
less widespread derivatisation (Chapter 4) than the thin film. 
The above AFM 3D graphs ofpoly(PFP) surfaces (figures 7.12 and 7.14) show 
the thick poly(PFP) film to be extremely rough, and exhibits a very variable thickness as 
deep fissures are shown in the film 's bulk, whereas the thinner film is shown to be 
relatively smooth. The deep fissures and uneven surface of the poly(PFP) prevent 
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swelling of the film due to a large amount of trapped space within the film, this could 
explain why derivatisation proceeds more efficiently in thinner films, as shown in 
Chapter 5 (page 165). If the film used in the Tougaard study was between 5 and 50nm 
thick, from the evidence shown by these AFM experiments, the film would have been 
very smooth relative to the thick poly(PFP) shown in figure 4.14. That film is a variable 
thickness, but averages at approximately 1000nm thick. The thin film shown in figure 
4.16 is approximately 200nm thick and relatively smooth, so the thin film shown in 
Chapter 5 should be smoother still. The Tougaard technique could only estimate the 
thicker film thickness at >50nm, so this AFM study gave a more accurate thickness and 
an insight into the morphology of thicker films .. 
7.5 Electrochemistry in-situ with AFM Measurements 
Attempts were made to expand both the electrochemical study of the conducting 
polymers, and the AFM based study, by combining the techniques, and performing 
electrochemistry in-situ with AFM scanning. A combination of these techniques studies 
electrochemically driven changes in surface morphology and bulk solvent/ion 
populations. The first attempt to perform in-situ electrochemistry with the AFM 
experiment was made using a simple cell shown schematically in figure 7.16. 
221 
r----------------------------------------------- ---- - -
Philip E. Pearson Ph.D. Thesis Chapter 7 
Solvent 
Workin<1 Electrode 
Reference Electrode 
Gold Substrate Polymer Film 
Interface '0' Ring 
Fig. 7.16 Schematic diagram of the first in-situ AFM / electrochemical cell 
An area of film was removed from the gold substrate using tape, creating a 
polymer edge. The edge was surrounded by a rubber 'O-ring' held in place by araldite. 
Supporting electrolyte in solution was added to the sample surface carefully, submerging 
the polymer edge. Two copper wires provided contact to the electrolyte. This created a 
simple 2 electrode cell system, with a working and a counter electrode. It was hoped that 
as the AFM head scanned across the edge in the liquid phase, a static voltage could be 
applied across the two electrodes, creating a cell, and the difference in film thickness 
between when the cell was off and when the cell was on could be measured via AFM. 
This was unsuccessful. The '0' -ring proved to be an insufficient means of keeping 
solvent in contact with the surface, and the apparatus was too small for the probe to scan 
back-and forth near the film. The result was that the two methods worked independently, 
but not together. A more sophisticated cell was devised to attempt to overcome these 
problems, a schematic of the second cell is shown in figure 7.17. 
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Fig. 7.17 Schematic diagram of the second in-situ AFM / electrochemical cell 
Figure 7.17 is a schematic of an inter-digitated electrode based cell. An inter-
digitated electrode consists of four gold electrodes being grown upon a glass slide such 
that a multi-electrode system can be created on a small scale. The polymer to be studied 
was grown upon one electrode, and silver deposited on the adjacent one to provide a 
reference. A third electrode was used as a counter. Silver dag was used to create a contact 
between the outer end of each electrode and copper wire (which was attached to a 
potentiostat such that electrochemistry could be undertaken). A droplet of solvent 
containing supporting electrolyte was added over the thinner end of each converging 
electrode, to create a small cell. The droplet on this setup could be larger, and the 
problem of apparatus physically getting in the way of the probe scanning was solved. 
However, electrical interference and an overlap of current between the electrodes was too 
great for the experiment to work. Also, the probe resonating interfered with the current 
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created in the cell as a potential was applied. The scale of the electrodes and close 
scanning of the probe was such that electrochemistry could not successfully occur in-situ 
with resonant AFM. 
This study lead to the conclusion that the way to carry out dual-technique 
experiments on these polymer films would be to use electrochemical AFM. 
Electrochemical AFM uses the scanning tip as a working electrode. Several examples of 
this technique working upon polymer surfaces have been shown in the literature I5-17, and 
future electrochemical AFM work upon these polymer systems would have a high chance 
of success following a route similar to those others have taken in the literature. 
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Summary and Conclusions 
The objective of the work presented in this thesis was to fully charaterise and 
optimise a means of chemical surface modification of a model conducting polymer 
system, in order to lead to the selective production of surfaces with patterned areas of a 
hydrophobic and a hydrophilic nature. An initial study into the photo grafting of polymers 
to poly(ethylene) surfaces was undertaken to improve the methods for this surface 
chemical modification, or derivatisation, of conducting polymer surfaces. 
The photografted polymer and pyrrole based conducting polymer systems were 
shown to be successfully fabricated and characterised using a variety of analytical 
techniques. 
The surface derivatisation reaction of triflouroethanol with grafted polymers was 
optirnised through variation of reaction conditions such as exposure time and monomer 
and initiator concentration. Further work into the refinement and characterisation of this 
experimental procedure on a laboratory scale before the technique of photo grafting was 
scaled up to incorporate CaC03 into grafted chains to aid the regeneration of statues to 
eliminate problems that would become apparent when expanding the scale of the grafting 
methodology. Further refmement to fully maximise the level of grafting could be 
achieved with more data and further reaction condition alteration. 
The derivatisation reaction upon acidic polymer films was fully optimised such 
that 100% of chains at the polymer surface were shown to be derivatised. The maximum 
amount of surface derivatisation came from films of poly(pentafluorophenyl 3-(pyrrole-
l-yl)propanoate) hydrolysed to poly(3-(pyrrol-l-yl) propanoic acid) then derivatised after 
pre-treatment at 50°C. Neutron reflectivity showed this to be a mainly surface specific 
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reaction, as the data gathered from the bulk of the polymers showed that the reaction was 
less efficient further away from the surface of the film. The bulk of the polymer was 
derivatised, but to a far lesser extent than the surface. NR and data gathered from the 
study of XPS spectrum backgrounds suggested a buried interface was present in the 
films, with the acidic groups that became derivatised being predominantly present at the 
film surface, rather than in the bulk. NR showed hydrolysation of poly(pentafluorophenyl 
3-(pyrrole-l-yl)propanoate) produced large spaces in the polymers that the bulky 
pentaflourophenol ring had once occupied, allowing full surface derivatisation. Initial 
attempts to pattern the surfaces with derivatised areas to chemically produce areas of 
differing levels ofhydrophobicity / hydrophilicity failed. 
The electrochemical response of the conducting polymer films was characterised 
under a variety of different experimental conditions. Hydrophobicity and hydrophilicity 
of films was studied in a variety of ways, most predominantly through contact angle 
measurements. Poly(3-(pyrrol-l-yl) propanoic acid films were shown to be extremely 
hydrophilic, and poly(pentafluorophenyl 3-(pyrrole-l-yl)propanoate) and derivatised 
films relatively hydrophobic due to the incorporation of fluorine at the film surface. The 
effects of surface roughness were shown to exaggerate this behaviour as described by the 
Weznel equation. 
Film thickness and orientation was studied first by the Tougaard technique for the 
study of XPS spectrum backgrounds, subsequently thickness and film swelling in various 
media was studied via AFM measurements. Hydrophilic polymers tested were found to 
swell to a greater degree than hydrophobic films, and the polymers were shown to relax 
to their original thicknesses after swelling. Thinner films were shown in AFM imagery to 
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be much smoother than thick films that exhibited large fissures and folds . It was shown in 
the Tougaard technique that a film of 5-50nm had a far greater level of derivatisation at 
the surface than one in excess of 50nm, probably due to this artefact of growth in 
thickness. 
Future work into this study of conducting polymers could focus on 
electrochemical AFM to carry out dual experimental techniques upon films. Initial 
experiments to combine these two techniques failed due to the scale of the electrode that 
films were grown upon, but a study of electrochemical AFM could lead to selective 
swelling and de-swelling of films with applied potential. Also, use of the AFM tip as a 
working electrode could lead to electrochemical AFM where the polymer is grown upon 
a gold substrate whist AFM is occurring. The work in the liquid phase presented in 
Chapter 7 shows that liquid AFM has been accomplished with these systems, so this 
growth could be achieved with the proper apparatus . Time resolved neutron reflectivity 
could be used to study the derivatisation reaction as it occurs on the polymer films . A 
suitable chamber for in situ derivatisation whilst NR is performed could be developed, 
and subsequently, experiments could be performed to probe the speed at which the 
reaction takes place both at the surface and into the bulks of the films . The final 
possibility for expanding upon this work would be the successful patteming of either the 
poly(ester) upon the poly(acid) surface to create areas of differing hydrophilicity, or 
patteming ofpoly(chlorinated ester) with photo-degraded areas to yield different areas of 
conductivity. Methods of masking the poly(acid) to prevent too widespread derivatisation 
and methods of electrochemically growing the poly( chlorinated ester) would have to be 
developed. These goals would probably be attainable with further study. 
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Overall, the original aims of the work presented in this thesis have been shown to 
be achieved, and with further work into this group of conducting polymers, a chemically 
modified, patterned surface of varying hydrophobicity or a potential driven thickness of 
films can be achieved. 
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